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Organic matter is an important component of global biogeochemical cycles, which are 
sensitive to processes of landscape change. The worldwide retreat of mountain glaciers 
is one of the most profound examples of such change. Chilean Patagonia represents a 
unique study region, which is both relatively untouched by direct human activity and 
undergoing significant rates of deglaciation. The biogeochemical role of glaciers in this 
region is relatively understudied and this thesis offers the first regional scale assessment 
of the sensitivity of organic matter in rivers and fjords to glacier retreat. This assessment 
comprises three complementary studies. The first adopts a space-for-time approach, in 
which the effects of spatial variations in landscape properties on organic matter flux and 
composition are used to infer the effects of ongoing glacier retreat over time. It was 
found that glaciers drive higher catchment yields for particulate organic matter and 
supply dissolved organic matter rich in protein-like and aliphatic substances. However, 
the influence of glaciers is dampened by non-glacial sources and sinks in the 
downstream landscape. The second study used incubation experiments to quantify the 
proportion of bioavailable dissolved organic carbon in river water from selected 
catchments. These incubations showed that bioavailability in these catchments is lower 
than that observed in glacial rivers of the northern hemisphere. This may be explained 
by prior processing and specific intrinsic compositional factors but is not systematically 
related to catchment glacier cover. The third study presents the first molecular level 
analysis of dissolved organic matter in a glaciated fjord. This analysis showed that 
riverine organic matter may comprise a significant proportion of the total organic 
carbon pool, which is sensitive to changes in glacier melt inputs. The relationships 
between organic matter cycling and landscape change in Chilean Patagonia established 
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1. Introduction and background 
1.1. Introduction 
Aquatic organic matter consists of a complex mixture of substances derived from the 
decay of biological material. These substances serve many biogeochemical functions, 
such as regulating the pH of natural waters and controlling the availability of nutrients, 
metals and toxins to aquatic organisms (McKnight et al., 1985, 1992; Breault et al., 
1996; Wymore et al., 2016). Perhaps most critically, organic matter acts as a crucial 
food and energy source to aquatic bacteria (Battin et al., 2009). If utilised for bacterial 
growth and incorporated into new biomass, it may be ingested by increasingly larger 
organisms and help to sustain complex foodwebs (Pace et al., 2004). Ultimately, 
however, much of this material is converted back into its inorganic mineral constituents 
through respiration by bacteria and higher consumers (Welti et al., 2017). For example, 
freshwater ecosystems are estimated to release 1.2 Pg (1 Pg = 1015 g) of carbon back 
into the atmosphere each year (approximately one quarter of the amount fixed by the 
terrestrial biosphere) via the respiration of organic matter (Battin et al., 2009). Thus, 
organic matter comprises a significant phase within the global biogeochemical cycle of 
carbon as well as of other bioactive elements such as oxygen, nitrogen, phosphorus and 
sulphur (Burd et al., 2016).  
 
The production, transport and processing of organic matter within aquatic systems is 
sensitive to environmental change (Ward et al., 2017; Zhuang and Yang, 2018). The 
biogeochemical function and fate of organic matter is determined by its composition, 
which is related to its source and the effects of biological and photochemical 
degradation (Kellerman et al., 2015; Wagner and Jaffé, 2015; Riedel et al., 2016). These 
factors are strongly influenced by perturbations to the hydrological system, including 
the reconfiguration of channel networks and changes to river flows and in-stream 
conditions (Aufdenkampe et al., 2011; Asmala et al., 2016). Therefore, changes in land-
use and global climate are also driving changes in organic matter cycling along the 
aquatic continuum (Lambert et al., 2017; Zhuang and Yang, 2018). Examining the 
influence of landscape conditions on organic matter composition therefore helps to 
understand the biogeochemical impacts of environmental change (Kellerman et al., 




Organic matter cycling in glaciated regions may be particularly sensitive to climate 
change (Hood et al., 2015). Although glacial ice is a relatively small global store of 
organics, glaciers are known to release highly reactive organic matter to downstream 
aquatic communities via melting (Hood et al., 2009, 2015). Rising global temperatures 
and enhanced melt rates are likely to increase the size of these supplies, at least in the 
short term (Hood et al., 2015; Milner et al., 2017). The long-term worldwide decline in 
glacial ice cover will ultimately deprive highly specialised aquatic communities of a 
valuable and unique resource (Jacobsen et al., 2012; Wilhelm et al., 2013; Milner et al., 
2017) and also expose potentially vast organic matter reserves in subglacial sediments 
(Wadham et al., 2019). Some of the world’s most rapidly retreating glaciers are in 
Chilean Patagonia (Foresta et al., 2018; Dussaillant et al., 2019) but biogeochemical 
data for this region are scarce. Glaciers here contain the largest concentration of land 
ice in the southern hemisphere excluding Antarctica and over 40 times more ice than all 
glaciers in the European Alps (Millan et al., 2019). Therefore, the analysis of organic 
matter in glacially fed rivers and fjords of Chilean Patagonia, as provided in this thesis, 
reflects a significant contribution towards a global assessment of the biogeochemical 
impacts of glacier retreat. 
 
Understanding glaciers as highly sensitive organic matter stores has important 
biogeochemical implications, especially for their wider role in the global carbon cycle. 
Glaciers and ice sheets are known to affect atmospheric carbon concentrations via a 
suite of direct and indirect feedbacks (Wadham et al., 2019). For example, 
photosynthesising algae in supraglacial environments sequester carbon dioxide at 
globally significant rates (Cook et al., 2012; Stibal et al., 2012c), whilst organic matter 
decay in subglacial environments may produce large methane reserves which are 
released via meltwaters and during glacier retreat (Wadham et al., 2008, 2012; Boyd et 
al., 2010; Stibal et al., 2012a; Dieser et al., 2014; Lamarche-Gagnon et al., 2019). The 
release of ice-locked organic matter illustrates a further role for glaciers in the carbon 
cycle via the direct transfer of potentially reactive carbon into lakes, rivers and fjords 
(Hood et al., 2015). Overall, these biogeochemical influences are part of a broader suite 
of ecosystem services which are sensitive to glacier retreat and could have profound 





1.2. Research objectives 
The overarching aim of this thesis is to provide the first regional scale assessment of 
the factors controlling the fluxes and composition of organic matter in aquatic systems 
of Chilean Patagonia, specifically in relation to changing glacier melt inputs. This helps 
contribute towards a global assessment of how glacier retreat affects downstream 
biogeochemistry. The thesis comprises three separate but complementary analytical 
chapters with distinct aims and objectives summarised below. 
  
1.2.1. Research objective 1 
To assess the impact of deglaciation-induced landscape change on organic matter 
yields and composition in Chilean Patagonian rivers (Chapter 3). 
Aims: 
• To quantify the yields of organic matter exported from river basins across 
Chilean Patagonia and relate trends to the degree of glacial influence. 
• To use spatial and temporal data to assess the influence of glacial meltwaters on 
riverine dissolved organic matter (DOM) composition. 
• To examine the relationships between landscape properties and riverine DOM 
composition to understand the effect of deglaciation on regional organic matter 
export. 
This study combines organic matter concentration and composition data for samples 
collected from 29 rivers spanning a range of environmental gradients (glacier, lake and 
vegetation covers) between latitudes 42–48°S in Chilean Patagonia. Organic matter 
yields are calculated and compared for glacial and non-glacial catchments (where 
hydrological records are available) and also related to landscape properties. Time series 
observations from a heavily glaciated catchment provide additional insight into the 
impact of glacier melting on riverine organic matter composition on a seasonal basis. 
Glacial signatures in organic matter composition are compared to those identified in 
other glaciated regions and analysed within the context of other influences across the 
Chilean Patagonian landscape. The principles of space-for-time substitution are 
employed to infer the impact of deglaciation on riverine biogeochemistry from 





1.2.2. Research objective 2 
To assess the controls on organic matter bioavailability in Chilean Patagonian 
rivers which are experiencing the effects of deglaciation (Chapter 4). 
Aims: 
• To measure the bioavailability of organic matter in a sample of Chilean 
Patagonian rivers and set the results in a global context for other glacially 
influenced regions. 
• To relate patterns in bioavailability to regional scale trends in organic matter 
composition. 
• To hypothesise on the constraints on bioavailability and the sensitivity of organic 
matter cycling to ongoing glacier retreat. 
This study uses incubation experiments to measure the bioavailability of dissolved 
organic matter in Chilean Patagonian rivers for the first time (from a subsector of the 
study region in Chapter 3). Fluorescence scans are used to identify the reactive 
components in each incubation sample and these data are related to regional trends in 
organic matter composition, including at the molecular level, to aid interpretation of the 
factors controlling bioavailability. This study helps to inform an understanding of how 
aquatic organic matter cycling may be affected by changes in landscape properties. 
 
1.2.3. Research objective 3 
To assess the impact of changing glacier melt inputs on the composition of organic 
matter in a Chilean Patagonian fjord (Chapter 5). 
Aims: 
• To quantify the relative importance of dissolved and particulate organic matter in 
riverine fluxes to the Baker-Martinez Fjord. 
• To assess the impact of glacier melt inputs on fjord organic matter composition 
by comparing summer (high discharge) and winter (low discharge) conditions. 
• To examine variations in organic matter composition along the fjord salinity 
gradient to infer the impact of environmental controls over biogeochemical 
processes.  
Spatial and seasonal variations in organic matter composition in a Chilean Patagonian 




glacial inputs. To my knowledge, this study is the first to use molecular level analytical 
techniques in a glacially influenced fjord to directly assess the impact of glacier melt 
inputs on organic matter composition. This assesses the impact of glacier melt inputs 
on organic matter cycling from within a marine setting and complements the findings 
from the previous chapters which explore the composition and reactivity of organic 
matter from an upstream perspective.  
 
1.3. Scientific background 
The purpose of this section is to establish the importance of glaciers in regulating the 
supply of organic matter to downstream ecosystems within the context of global climate 
change. Further scientific background related to specific research aims will be covered 
in the relevant analytical chapters. This literature review provides the basis for a critical 
commentary in Section 1.4, which identifies gaps in understanding and opportunities 
for future investigation that this thesis aims to facilitate.  
 
1.3.1. Glaciers as sensitive stores of organic matter 
1.3.1.1. Sources and cycling of organic matter in glaciers 
Glaciers and ice sheets are collectively seen as a distinct global biome (Anesio and 
Laybourn-Parry, 2012) which supports the production and cycling of organic matter 
(Anesio et al., 2009). This view reflects the culmination of approximately two decade’s 
worth of research which has shown that glaciers are important drivers of geochemical 
weathering (Wadham et al., 1997; Tranter et al., 2002; Graly et al., 2014; Tranter, 
2014), nutrient cycling (Wynn et al., 2007; Telling et al., 2011; Hawkings et al., 2016; 
Wadham et al., 2016) and hosts to unique microbial ecosystems (Sharp et al., 1999; 
Hodson et al., 2008; Christner et al., 2014). The discovery of specially adapted, cold-
tolerant microorganisms throughout glacial systems wherever liquid water exists (Sharp 
et al., 1999; Mader et al., 2006; Christner et al., 2014) has led to a paradigm shift, 
recognising that life not only exists in regions that were previously thought inhospitable 
but also plays an active role in regulating biogeochemical processes in icy environments 
(Wadham et al., 2010; Tranter, 2014; Mikucki et al., 2016). New biomass is created 
through primary production by photosynthetic algae on glacier surfaces (Cook et al., 
2012; Telling et al., 2012) and by chemosynthetic microbes in dark, anoxic and 
relatively isolated subglacial environments (Boyd et al., 2014). Combined with external 




2008; Stubbins et al., 2012) and overridden soils, sediments and vegetation beneath the 
ice (Wadham et al., 2008; Bhatia et al., 2013), these organic substrates sustain extensive 
and diverse bacterial communities with an energy source (Sharp et al., 1999; Tranter et 
al., 2005; Stibal et al., 2012b; Mikucki et al., 2016; Nicholes et al., 2019). Therefore, 
the resident biota may actively process glacial organic matter and regulate its overall 
composition. 
 
1.3.1.2. Categorisation of glacial organic matter: dissolved and particulate 
Organic matter is present in glacial (and indeed all aquatic) systems in a variety of forms 
but is principally divided into particulate and dissolved classes which are defined by 
filtration procedures (Thurman, 1985). Typically, dissolved organic matter (DOM) is 
distinguished by passing through filter pore sizes of 0.45 µm but pores ranging from 
0.2–0.7 µm have been used to suit different methodological requirements (Nollet, 2013; 
Denis et al., 2017a). Only the smallest polar molecules are likely to be truly dissolved, 
with most DOM existing as a colloidal suspension (Nebbioso and Piccolo, 2013). 
Particulate organic matter (POM) comprises the material too large to pass through the 
filter and can include living matter such as bacterial cells, phytoplankton and 
zooplankton (Figure 1.1). Over the wide range of fields in which POM is investigated, 
the term may refer to various and differing components of POM. For example, POM is 
frequently used in marine-based studies as a bulk measure of biomass in pelagic 
ecosystems (Andersson and Rudehall, 1993). In terrestrial systems, POM is used more 
routinely to refer to detrital material derived from soils, sediments, vegetation and leaf 
litter, and is often linked to erosional inputs (Galy et al., 2015). Both POM and DOM 
are quantified using oxidation techniques (most commonly combustion) to measure its 
carbon content, which is the principal component of organic matter (Bolan et al., 1996). 
As a result, particulate/dissolved organic carbon (POC/DOC) measurements provide a 
consistent means of estimating the size of POM/DOM pools in aquatic environments 
irrespective of compositional differences and the terms are often used interchangeably. 
 
1.3.1.3. Quantifying glacial organic matter stores 
The amount of organic matter held within glacial ice globally has been quantified in 
terms of its carbon (C) content and stands at ~6 Pg C (Hood et al., 2015). The vast 





Figure 1.1. Size (µm) and molecular weight (Daltons, Da) ranges for particulate and dissolved 
organic matter in aquatic systems with reference to specific compound groups and classes of 
organism. The vertical line at 0.45 µm indicates the most commonly used filter pore size to 
distinguish DOM and POM. HAc: humic acid; FAc: fulvic acid; HC: hydrocarbons; CHO: 
carbohydrates; FA: fatty acids; AA: amino acid. Figure taken from Artifon et al. (2019). 
 
the Greenland Ice Sheet (5%) and mountain glaciers (2%) globally (Hood et al., 2015). 
These estimates are based on a compilation of all available concentration data (c. 2015) 
for DOC and POC in glacial ice from across five continents (Hood et al., 2015). Due to 
access limitations, spatial coverage of glaciated regions is patchy and data are 
completely missing for some notable areas, such as for South American Andean 
glaciers. This leads to substantial uncertainties, especially for POC measurements 
which are particularly scarce (Hood et al., 2015). Nevertheless, this first order 
calculation shows that glacial ice stores are modest in size compared to other global 
organic carbon reservoirs, such as 1600 Pg C in permafrost (Schuur et al., 2008) or 
2200 Pg C in the terrestrial biosphere (Carlson et al., 2001). However, ice-locked 
organic matter may underestimate the true storage in glacial systems given that 
subglacial sediments in Antarctica and Greenland are hypothesised to contain between 
6000–21000 Pg C and 0.5–27 Pg C, respectively (Wadham et al., 2019). There are no 
global estimates of organic matter in sediments beneath mountain glaciers but they are 
likely to harbour any previously overridden soils, sediments and vegetation, with some 





1.3.1.4. Sensitivity of glacial organic matter stores 
The overall size of glacial organic matter stores is thought less important than their 
sensitivity to rising global temperatures. Annual meltwater fluxes from glaciers and ice 
sheets are estimated to export ~3 Tg C (1 Tg = 1012 g) of organic matter (Hood et al., 
2015), which is small compared to the ~900 Tg C exported annually by rivers (Battin 
et al., 2009). Critically, however, glacial meltwaters are typically discharged into 
proglacial lakes, rivers and fjords (Hood et al., 2015) without transiting through soils 
and therefore have a more direct impact on aquatic biogeochemistry. Mountain glaciers 
are the smallest but most dynamic glacial systems, accounting for 43% of the global 
annual export of organic matter from glaciers and ice sheets, and specifically account 
for 56% of the DOC flux (Figure 1.2) (Hood et al., 2015). 
 
 
Figure 1.2. Total global (a) storage of DOC in glacial ice and (b) annual export in meltwaters for 
the Antarctic Ice Sheet (AIS), the Greenland Ice Sheet (GIS) and all mountain glaciers (MGL). 
Source: (Hood et al., 2015). 
 
Mountain glacier DOC fluxes are expected to increase as melt rates accelerate in 
response to rising global temperatures (Huss and Hock, 2018) and mountain glaciers 
worldwide have been retreating rapidly as a result (Zemp et al., 2015). As glaciers waste 
away, an increasing proportion of annual organic matter flux will be derived from non-
steady state melting that contributes to the long-term depletion of these organic matter 
stores (Hood et al., 2015). Although in the short term, therefore, systems will experience 
increased input from glacial sources; in the long term the shrinkage of glaciers will 
mean that glacial inputs cease to be a significant source of aquatic DOM.  The dramatic 
change outlined here should be seen in the context of the wider sensitivity of ecosystem 





1.3.2. Accounting for the effect of glacial organic matter on aquatic systems 
1.3.2.1. Significance of the effect 
The impact of glacial organic matter on downstream aquatic ecosystems is of critical 
importance in understanding the biogeochemical effects of enhanced ice melting and 
glacier retreat. DOM in glacial meltwaters is typically more dilute than in non-glacial 
freshwaters but is disproportionately more labile (Fellman et al., 2010a). Incubation 
studies have reported high percentages (up to ~90%) of bioavailable DOC (BDOC) 
being consumed by bacteria over a 28-day period in samples of glacial DOM collected 
from disparate locations: Alaska (Hood et al., 2009; Fellman et al., 2010a), European 
Alps (Singer et al., 2012), Greenland (Lawson et al., 2014a; Paulsen et al., 2017), 
Himalayas (Spencer et al., 2014b; Hemingway et al., 2019). Positive correlation 
between BDOC and the partial pressure of CO2 in Alpine glacial streams provides field 
evidence that glacial DOM is respired by aquatic heterotrophs (Singer et al., 2012).  
 
 
Figure 1.3. Bioavailability of dissolved organic carbon (BDOC) from example studies related to (a) 
catchment glacial cover as a percentage of total area (after: Hemingway et al., 2019) and (b) 
radiocarbon content, with more negative Δ14C-DOC values indicating more ancient material (after: 
Hood et al., 2009). 
 
Figure 1.3 shows that higher BDOC in glacial rivers is linked to greater catchment ice 
cover (Hood et al., 2009; Fellman et al., 2010a; Hemingway et al., 2019) and ancient 
radiocarbon (14C) signatures (Hood et al., 2009; Singer et al., 2012; Spencer et al., 
2014b). Therefore, glacial contributions to the aquatic DOM pool are unique in that 




DOM is less bioavailable, reflecting an accumulation of recalcitrant material after fresh, 
reactive material has been preferentially consumed (Raymond and Bauer, 2001). The 
paradoxical properties of ancient yet labile glacial DOM have precipitated debate over 
the origin of this material. 
 
1.3.2.2. Accounts linked to anthropogenic sources 
Inputs of anthropogenic carbon via the deposition of atmospheric fossil fuel aerosols 
have been proposed as a possible source for the ancient labile organic matter previously 
identified in glacial systems (Hood et al., 2009). This was suggested following the 
discovery of condensed aromatic formulae (via ultrahigh resolution molecular analysis), 
which are indicative of combustion products in snow and bulk discharge samples from 
the Mendenhall Glacier, Alaska (Stubbins et al., 2012). Similar anthropogenic 
compounds have been found in glacial ice and meltwaters downwind of industrialised 
zones in Europe and Asia (Singer et al., 2012; Spencer et al., 2014b; Li et al., 2016). 
This is also consistent with the detection of organic pollutants in industrial era glacial 
ice from across the globe (Legrand et al., 2007; McConnell et al., 2007; Wang et al., 
2008; Gabrieli et al., 2010).  
 
While such compounds could account for ancient 14C signatures in DOM, the link with 
lability is predicated on the results of previous studies which identify relatively reactive 
compounds produced during combustion. Specifically, aliphatics and fatty acids have 
been associated with soot particles (Walker and Colwell, 1974; Yasuhara and Fuwa, 
1982) and incomplete combustion may produce compounds that are proteinaceous or 
nitrogen- and sulphur-rich (Wozniak et al., 2008; Mladenov et al., 2011), which may 
offer a unique source of organic nutrients. Moreover, photodegradation of atmospheric 
aerosols might convert recalcitrant aromatic combustion products into smaller labile 
molecules (Stubbins et al., 2010; Mostovaya et al., 2017; Wagner et al., 2018). 
However, this theory does not explain how such highly labile compounds might survive 
intense bacterial activity in supraglacial environments (Nicholes et al., 2019) and be 






1.3.2.3. Accounts linked to natural sources 
Microbial DOM is also a suggested source of labile material in glacial samples. Strong 
contributions to glacial DOM from microbial sources are characterised by: 
• high protein-like fluorescence ( Barker et al., 2006, 2009; Dubnick et al., 2010; 
Kellerman et al., 2020; Lawson et al., 2014a)  
• low molecular weight compounds (Lawson et al., 2014a; Musilova et al., 2017)  
• aliphatic material (Singer et al., 2012; Stubbins et al., 2012; Spencer et al., 2014b; 
Hemingway et al., 2019). 
DOM with these properties is typically highly bioavailable (Fellman et al., 2009, 2010a) 
but may not carry an ancient signature unless it has entered the system from an already 
ancient source, before further bacterial degradation within the system. It is the case that 
glacial DOM contains a high diversity of older allochthonous material from overridden 
plants, soils and sediments (Singer et al., 2012). Given the right conditions and in the 
absence of more labile substrates, even ancient material is susceptible to some degree 
of biodegradation (Petsch et al., 2005; Schillawski and Petsch, 2008). For example, 
during seasonal hydrological isolation in the subglacial environment, when external 
inputs are limited (Tranter et al., 2005), buried ancient organic matter may be broken 
down by extensive bacterial communities (Boyd et al., 2010, 2011; Stibal et al., 2012b; 
Anesio et al., 2017). Bacterial activity may simultaneously release labile exudates 
(O’Donnell et al., 2016; Musilova et al., 2017), which may have incorporated ancient 
carbon and be flushed from the glacier bed by seasonal meltwaters.  
 
The seasonal progression in 14C-POC signatures in bulk outflows from the Leverett 
Glacier, Greenland, shows that increasingly old sediments are mobilised from 
subglacial sources over the melt period (Kohler et al., 2017). It is hypothesised that an 
expanding subglacial meltwater network accesses increasingly ancient POC and 
releases it into the outflows. It is possible that a corresponding dynamic might affect 
DOC export, which would establish a link with ancient subglacial sources. However, a 
seasonal time series for 14C-DOC from this system is yet to be undertaken. An 
alternative link between DOC and ancient subglacial sources might be established 
through glacial erosion. Such erosion has recently been shown to liberate organic gases 
from rock minerals (Macdonald et al., 2018) and trigger radical reactions which could 




subglacial sources of re-worked (by erosion or biodegradation) organic matter could 
therefore account for both ancient and labile DOM. 
 
1.3.2.4. Potential role of POM 
Most bioavailability studies have focused on the analysis of DOM, which is arguably 
the more labile component of organic matter in aquatic systems (Brett et al., 2017). 
Glacial POM is implicitly assumed to be largely recalcitrant and, to date, only one study 
has estimated its bioavailability through measurement of extractable carbohydrates 
(Lawson et al., 2014a). These relatively labile compounds comprised <10% of total 
POC by weight in samples from the Leverett Glacier, Greenland (Lawson et al., 2014a), 
but it is not known how well this reflects its bioavailability in natural waters. In general, 
the characterisation of glacial POM has been largely restricted to carbon isotope 
analyses at a handful of locations, mostly in Greenland (Bhatia et al., 2013; Kohler et 
al., 2017). This has helped to discriminate sources of POM and estimate its age but not 
to enhance understanding of its impact on downstream ecosystems. 
 
1.3.3. Significance of the effect of glacial DOM on specifically marine systems 
Glacial meltwaters have attracted great interest for their potential to impact nearshore 
marine ecosystems and nutrient cycling. The high bioavailability of glacial DOM is 
specifically thought to stimulate marine heterotrophs in regions where meltwaters reach 
the coast. This argument largely rests on evidence from incubations of glacial ice, snow 
and runoff following inoculation with a marine bacterial sample (Hood et al., 2009; 
Fellman et al., 2010a; Lawson et al., 2014a). In the Gulf of Alaska, there is some 
suggestion that marine bacteria from highly saline waters are more efficient at respiring 
glacial DOM than those from brackish or relatively fresh waters (Fellman et al., 2010a). 
In other regions, glacial bacteria are shown to survive in cold coastal waters and 
hypothesised to support the ongoing consumption of glacial DOM in offshore locations 
(Gutiérrez et al., 2015; Paulsen et al., 2017).  
 
Whereas the studies mentioned above infer the effect on marine systems by inoculating 
a glacial sample with marine bacteria, two studies in Young Sound, northeast 
Greenland, have sought to explore the dynamics of glacial DOM where it enters the 




to varying degrees, and samples from the fjord surface layer, show that measured BDOC 
declines with increasing distance from the land (Paulsen et al., 2017). These changes 
coincide with a depletion in the nitrogen content of the DOM (Paulsen et al., 2017). 
This is consistent with the removal of highly labile material from input waters as 
inferred by previous studies (e.g. Hood et al., 2009). However, it is also consistent with 
the addition of less reactive organic matter from marine sources and more distant 
terrestrial inputs (Paulsen et al., 2017).  
 
The second study in Young Sound demonstrated that fjord bacteria and zooplankton 
grazing provide additional sources of protein-like material and therefore the supply of 
labile substances may not be limited to glacial inputs (Paulsen et al., 2018). Some fjord 
bacterial species may also consume humic-like DOM (Paulsen et al., 2018), which is 
classically assumed to derive from vegetation and soils and be less bioavailable than 
protein-like substances, due to complex aromatic and branched molecular structures 
(Grant, 1977; McKnight et al., 2001; Nebbioso and Piccolo, 2013). The second Young 
Sound study demonstrated how fluorescence data can detect compositional changes 
associated with the biological processing of DOM that are not apparent in concentration 
changes measured over incubations (Paulsen et al., 2018). Therefore, simple incubation 
studies may not capture the full complexity of DOM cycling in glaciated fjords.  
 
1.4. Addressing key research opportunities 
This section outlines how the analytical chapters of this thesis (Chapters 3–5) aim to 
address key gaps in our understanding and opportunities for future investigation 
identified from the literature review above. Specifically, this thesis targets gaps in the 
global coverage of studies to date, integrates terrestrial and marine perspectives on 
glacial organic matter export for a single region and deploys molecular level analyses 
in a glaciated fjord. 
 
1.4.1. Global coverage 
Organic matter research in glaciated environments has focused primarily on a few study 
regions in the northern hemisphere (Table 1.1; Figure 1.4a). The southern hemisphere 
has been less studied except for a small number of isolated locations in the McMurdo 




Table 1.1. Summary of analytical methods employed to investigate glacial organic matter in 
















































Terrestrial sites         
         
Gulf of Alaska ✓1-8  ✓1,4,6,8 ✓1,4,5,8 ✓1,7 ✓1,5 ✓1,4-8 ✓5,6,8 
Greenland ✓9-11 ✓9,10,12 ✓10 ✓10 ✓9 ✓9,13 ✓9 ✓11,14 
Iceland ✓15 ✓15     ✓15  
Svalbard ✓16 ✓16       
European Alps* ✓17   ✓17 ✓17  ✓17 ✓17 
Himalayas/Tibet ✓18,19  ✓18,20 ✓18,20 ✓18,19  ✓18 ✓18,19 
Antarctica ✓21,22      ✓21,22 ✓23 
         
Nearshore marine sites        
        
Greenland ✓24 ✓24   ✓24  ✓25  
Svalbard ✓26,27 ✓26,27 ✓26,27    ✓28  




Concentration measurements (DOC, POC); natural stable isotope (δ13C) and radioisotope (Δ14C) analysis of 
organic carbon; bioavailability incubations (BDOC); analysis of specific biomarkers (including lipid 
extraction or ion chromatographic detection of low molecular weight organic acids and carbohydrates); 
fluorescence analysis; molecular characterisation of DOM by Fourier transform ion cyclotron resonance 
mass spectrometry (FT-ICR MS). 
 
*denotes analysis of DOM from glacial ice only. Other studies include analysis of ice, snow and runoff. 
 
Table references 
1. (Hood et al., 2009); 2.(Hood and Berner, 2009); 3. (Hood and Scott, 2008); 4. (Spencer et al., 2014a); 
5. (Stubbins et al., 2012); 6. (Fellman et al., 2014); 7. (Fellman et al., 2010a); 8. (Fellman et al., 2015b); 
9. (Lawson et al., 2014a); 10. (Bhatia et al., 2013); 11. (Bhatia et al., 2010); 12. (Kohler et al., 2017); 
13. (Musilova et al., 2017); 14. (Lawson et al., 2014b); 15. (Chifflard et al., 2019); 16. (Zhu et al., 2016); 
17. (Singer et al., 2012); 18. (Spencer et al., 2014b); 19. (Hemingway et al., 2019); 20. (Li et al., 2016); 
21. (Barker et al., 2013); 22. (Smith et al., 2017); 23. (Antony et al., 2014); 24. (Paulsen et al., 2017); 









Figure 1.4. Distribution of samples collected for glacial organic matter analysis in comparison to rates 
of ice loss. (a) Location of samples (categorised by type) used to quantify global storage of organic 
carbon in glacial ice (after: Hood et al., 2015). Chilean Patagonian region indicated on world map with 
orange box. (b) Size and rate of change in glacier ice mass between 1961 and 2016 by region: cumulative 
changes in total mass shown by size of bubbles; colour indicates rate of change; notable regions referred 
to in text include Alaska (ALA) and Southern Andes (SAN); full details given in original publication 




Antony et al., 2014). Observations in the South American Andes have largely been 
restricted to isolated mountain top glaciers and focused on the contribution of black 
carbon from local anthropogenic to snowpack organic matter (Molina et al., 2015; 
Rowe et al., 2019). These studies have not contributed to a quantitative understanding 
of glacial organic matter export, nor have they provided a regional assessment of its 
composition. The general absence of data from Chilean Patagonia, in South America, 
highlights a significant gap in our understanding of how glaciated landscapes influence 
regional and global biogeochemistry, especially within the context of climate change.  
 
Chilean Patagonia contains two major icefields (and many separate mountain glaciers) 
which comprise the greatest concentration of southern hemisphere land ice, excluding 
Antarctica (Lopez et al., 2010; Davies and Glasser, 2012; Foresta et al., 2018). The 
icefields dominate the supply of freshwater to the oceans in this region, with meltwaters 
entering the ocean via an extensive network of glacially carved fjords that receive inputs 
directly from marine-terminating glaciers and glacially fed rivers (Dávila et al., 2002; 
Pantoja et al., 2011; Dussaillant et al., 2012; Moffat et al., 2018). The glaciers of this 
region are undergoing some of the most intense rates of retreat in the world and, 
critically, those rates appear to be accelerating (Rignot et al., 2003; Chen et al., 2007; 
Ivins et al., 2011; Willis et al., 2012a, 2012b; Jaber, 2016; Dussaillant et al., 2019). In 
global terms, glaciers in the South American Andes (which includes those in Chilean 
Patagonia) have lost the largest total amount of mass to the oceans, after the Gulf of 
Alaska region (Figure 1.4b; Zemp et al., 2019). Enhanced meltwater fluxes may 
therefore drive an increasingly important, but so far overlooked, flux of organic matter 
into downstream aquatic systems.  
 
Theories regarding the source and reactivity of glacial organic matter are derived from 
sites in the densely populated northern hemisphere. Although atmospheric pollutants 
may be globally dispersed (Antony et al., 2014), looking toward southern hemisphere 
study sites provides opportunity to examine anthropogenic influences on glacial DOM 
in a different context. The Patagonian Icefields are primarily influenced by westerly 
winds which carry air masses from the South Pacific (Lopez et al., 2010; Schaefer et 
al., 2013; Foresta et al., 2018) that will have been exposed to less concentrated direct 
anthropogenic inputs. Recent work on glaciers in northern Chile has identified black 




2015; Rowe et al., 2019). However, these sources may be insignificant where 
population density is very low in the relatively pristine conditions of Chilean Patagonia 
(Pantoja et al., 2011; Pérez et al., 2018), which forms the study region for this thesis.  
 
This thesis presents the first region-wide characterisation of the organic matter within 
terrestrial and marine aquatic systems of Chilean Patagonia with the aim of testing the 
impact of glacial meltwater contributions. Chapter 3 relates spatial trends in the size 
and character of riverine organic matter fluxes to a range of landscape gradients. The 
influence of glaciers on total organic matter export and DOM composition is identified 
from significant differences between the conditions in glacial and non-glacial rivers as 
well as through statistical relationships with catchment glacial cover. The effects of 
lakes and vegetation are also investigated as landscape factors that are affected by 
glacier retreat. Chapter 4 presents the first attempt to quantify the bioavailability of 
DOM in a subset of the rivers studied in Chapter 3 and identifies potential factors which 
may influence overall reactivity. Chapter 5 completes the suite of analytical studies by 
providing an assessment of the spatial and seasonal impact of glacial meltwaters on 
DOM composition in a Chilean Patagonian fjord.     
 
1.4.2. Integration of terrestrial and marine perspectives 
The most influential studies in this area adopt an approach that is focused on the 
characteristics of DOM near the point of release rather than at the point of entry into the 
receiving system under investigation (e.g. Hood et al., 2009; Stubbins et al., 2012; 
Lawson et al., 2014b). In other words, the impact of glacial organic matter on 
downstream aquatic systems (including marine systems) is inferred from its 
composition and reactivity near the source. For example, high BDOC is measured in 
samples of glacial snow, ice and runoff in glacially fed rivers (Hood et al., 2009; Singer 
et al., 2012; Spencer et al., 2014b; Hemingway et al., 2019). The link with marine 
ecosystems is often established through use of a marine bacterial inoculum in BDOC 
incubations (Hood et al., 2009). By contrast, studies which assess the impact of glacial 
DOM within a marine setting are comparatively rare (Paulsen et al., 2017, 2018). 
Moreover, complementary marine-based studies of DOM are lacking for regions that 
have attracted considerable interest in understanding the impact of glacially exported 




control of glacial meltwaters on marine ecosystem structures in this region of the North 
Pacific (Arimitsu et al., 2016, 2018), no study has directly tested the impact of glacier 
melting on marine DOM composition in this region. The contribution of influential 
BDOC incubation studies is therefore limited by an inability to appreciate the potential 
for DOM transformation between upstream sampling sites and the ultimate receiving 
system and interactions with other components within a mixed marine DOM pool.  
 
DOM may be transformed by a variety of processes, which might operate both between 
the sampling site and marine environment and within the marine environment itself. 
During riverine transport, glacial DOM may be subject to biological consumption, 
photodegradation and mixing with non-glacial DOM sources (Jones et al., 2016). Upon 
entry to marine waters, DOM may also be removed by flocculation and adsorption to 
sediments (Eisma, 1986; Aufdenkampe et al., 2001). Therefore, glacial DOM sampled 
from upstream locations may not be representative of that which enters the marine 
environment. Chapter 4 presents a test case for understanding how biological 
consumption of DOM may influence changes in its composition en route to and within 
the marine environment. For a DOM component identified as highly bioavailable, its 
absence from a system may imply prior consumption (although not necessarily). 
Absence of an unreactive component is unlikely to be due to consumption.   
 
The mixing and interaction of different DOM sources within marine systems may also 
influence the reactivity and accessibility of individual DOM components. Marine 
waters along glaciated coasts may integrate DOM from multiple glaciers and rivers, 
diffuse contributions via overland flow and groundwaters and material produced by in 
situ ecosystems (Paulsen et al., 2017, 2018). The significance of each source will be 
determined by the specific geography of the region. Research in Young Sound, 
Greenland, has shown that humic-like DOM from distant terrestrial sources may 
provide a reactive substrate for fjord bacteria (Paulsen et al., 2018). Neglecting 
substrates from such distant sources or those produced in situ (as might result from the 
focus on individual river inputs) may not provide an accurate understanding of the 
reactivity of a mixed DOM pool. The consumption of glacial DOM during laboratory 
or field incubations, therefore, may not be representative of its reactivity when mixed 





Unless the composition and reactivity of the DOM pool within the marine system is 
understood, it is difficult to test hypotheses concerning the impact of individual inputs 
such as from glacial meltwaters. Chapter 5 attempts to characterise DOM in a fjord fed 
by a variety of inputs, including from glaciers, to help inform a better appreciation of 
their impact on marine biogeochemistry. Complementary studies from terrestrial 
perspectives (Chapters 3, 4) mean that the thesis provides an integrated regional 
assessment of the impact of glacial meltwaters on fresh and marine waters in Chilean 
Patagonia. This kind of analysis is also a prerequisite to evaluating the 
representativeness of findings from the incubation of upstream samples. Chapter 4 
provides a model of how composition data from the region might inform an 
understanding of which components of DOM may be the most reactive in the marine 
system. The findings from Chapter 4 support interpretation of direct analyses of DOM 
within a glaciated fjord in Chapter 5.  
 
1.4.3. Potential of molecular level analyses 
The composition of organic matter provides information about its source and reactivity 
but its heterogeneous nature defies complete characterisation by a single analytical 
technique (Derrien et al., 2019). The development of ultrahigh resolution mass 
spectrometry (by Fourier transform ion cyclotron resonance mass spectrometry; FT-
ICR MS) has provided unparalleled insight into organic matter compositions at the 
molecular level due to compound detection with high accuracy across a wide mass range 
(~100–1000 Da) and the availability of non-selective extraction procedures (Dittmar et 
al., 2008; Nebbioso and Piccolo, 2013). Whilst unable to distinguish isomeric 
structures, this method has advanced insights into biological and photochemical 
degradation on molecular composition across a range of environments (Osterholz et al., 
2014; Spencer et al., 2015; Riedel et al., 2016; Seidel et al., 2017; Kellerman et al., 
2018). The analysis generates semi-quantitative data which enables the use of a range 
of statistical methods (including multivariate techniques) to test for relationships with 
environmental factors (Kellerman et al., 2015; Osterholz et al., 2016).  
 
Molecular characterisation of DOM by ultrahigh resolution mass spectrometry has 
greatly advanced understanding of the sources and reactivity of organic matter in glacial 




However, to date, only one study in Svalbard has applied molecular level techniques to 
assess the composition of DOM in glacially influenced fjords (Osterholz et al., 2014). 
This study demonstrated that fresh DOM produced during spring phytoplankton blooms 
is rapidly consumed and leaves little imprint on the molecular compositions preserved 
in deep marine waters (Osterholz et al., 2014). No study has exploited molecular level 
techniques to explicitly examine the influence of glacial meltwater inputs on marine 
DOM composition. 
 
Other work in Arctic fjords has used bulk isotopic ratios (δ13C, δ15N) in organic matter 
to differentiate marine and terrestrial contributions to POM (Holding et al., 2017) but 
not specifically to test the transformation of DOM in the fjord. Whilst it is widely 
recognised that glaciated fjords are particularly affected by changes in meltwater runoff 
and the retreat of surrounding glaciers, most studies to date have focused on how 
changes in nutrient or light availability may impact on fjord ecosystem productivity 
(Aracena et al., 2011; Arimitsu et al., 2016; Van De Poll et al., 2018; Halbach et al., 
2019). Focused molecular level investigations into the organic matter pools in glaciated 
fjords would seem to be a missing link in helping to advance our understanding in the 
role that glaciers play in controlling regional biogeochemical cycles via the supply of 
labile DOM. 
 
Chapter 5 will demonstrate the potential for molecular level analysis by exploiting this 
technique to investigate the spatial and seasonal changes in DOM composition in a 
Chilean Patagonian fjord in relation to glacial meltwater inputs. It should also be noted 
that the wealth of molecular level analyses in Chilean Patagonian rivers enables an 
understanding of landscape level controls over organic matter biogeochemistry 
(Chapter 3) and provides an important tool to inform interpretation of BDOC 







This chapter gives an overview of the study sites, sampling strategies and primary 
analytical techniques used in this thesis. Each analytical chapter (Chapters 3–5) contains 
additional methodological details relevant to the specific aims of that chapter. 
2.1. Study region 
The climate of Chilean Patagonia is defined by a temperate regime and a strong zonal 
precipitation gradient (Figure 2.1). Temperatures vary around an annual mean of 8°C, 
with seasonal means ranging between 4°C in austral winter and 13°C in austral summer 
(Sagredo and Lowell, 2012; Vandekerkhove et al., 2016). However, temperatures rarely 
exceed 10°C south of 42°S (Aracena et al., 2011). The orographic uplift of South Pacific 
air masses carried by prevailing south-westerly winds generates a hyper-humid climate 
on the western side of the Andes (Garreaud et al., 2013). Here, rain may occur on more 
than 300 days a year (Kerr and Sugden, 1994), although it is heaviest in winter 
(Rebolledo et al., 2019), and can lead to annual rainfall totals which regularly exceed 
3 m a-1 (Figure 2.1b) and sometimes 7 m a-1 (Aracena et al., 2011). These conditions 
contrast with a relatively arid climate to the east of the Andes, where annual rainfall is  
 
 
Figure 2.1. Climatic context for study region, showing (a) mean annual temperatures between 
1961–1990 (data: New et al., 2002; plot adapted from: Sagredo and Lowell, 2012); (b) mean annual 
precipitation and sea surface temperature isotherms with respect to ocean circulation patterns: 
Antarctic Circumpolar Current (ACC), Humboldt and Cape Horn (CH) currents; (c) mean zonal 
wind speeds between December and February (1957–96) with positive and negative speeds 
indicating westerly and easterly winds, respectively; (d) correlation between windspeeds and 
precipitation with respect to continental elevation. Subplots b–d taken from Kilian and Lamy 




typically <0.25 m a-1 due to rain shadow effects (Vandekerkhove et al., 2016). The 
correlation of windspeeds and rainfall in relation to continental relief (Figure 2.1d) 
shows the role of the Andes in controlling this zonal precipitation gradient.  
 
The hyper-humid climate to the west of the Andes supports dense vegetation cover, with 
the distributions of individual species controlled by temperature and rainfall variations 
across latitudes and elevations (Abarzúa et al., 2004). Ground cover in the northern part 
of the region (north of 46°S) is characterised primarily by dense broadleaf evergreen 
forest, which gives way to a more complex vegetation mosaic further south and at higher 
altitudes where there is greater deciduous and herbaceous shrub cover (Vandekerkhove 
et al., 2016). Forests across the region are dominated by the Nothofagus genus (southern 
beech trees), with species-level compositions reflecting the postglacial succession of 
individual species competing in response to interannual climatic variations, such as the 
Pacific Decadal Oscillation and Southern Annular Mode (Srur et al., 2018), and local 
disturbances, such as storms and floods (Armesto et al., 1992). 
 
The present-day hydrography of Chilean Patagonia reflects a landscape that has been 
largely shaped by glacial activity. The region contains a high density of freshwater lakes 
(Messager et al., 2016), some of which occupy deep glacial basins and are among the 
largest in South America (e.g. Lake General Carrera; Figure 2.2). Large river systems 
drain through glacially eroded valleys on the western flanks of the Andes and provide 
a major freshwater flux to the ocean (Dávila et al., 2002). Direct inputs to the ocean via 
overland runoff and groundwater discharge are not well constrained but are largely 
assumed to be relatively small components of the total freshwater flux (Dávila et al., 
2002; Pantoja et al., 2011). The complex network of fjords and flooded glacial inlets 
along the Chilean coastline are testament to much more widespread ice cover during the 
last glacial period (Pantoja et al., 2011).  
 
The hydrology of Chilean Patagonia is influenced by a strong landscape-level gradient 
in ice cover. In the northern part of the study region (north of ~46°S), ice cover is largely 
restricted to individual valley glaciers and small ice caps on the highest peaks. Rivers 
here are more responsive to rainfall events and the melting of more extensive seasonal 
snow covers (Calvete and Sobarzo, 2011; Pérez et al., 2018). River discharge patterns 




discharge coincides with spring snowmelt or winter rainfall, respectively. Ice cover 
south of 46°S is concentrated in the Northern and Southern Patagonian Icefields (NPI, 
SPI; Figure 2.2), which are ~4200 km2 and ~13000 km2, respectively (Lopez et al., 
2010). Rivers fed by meltwaters from the icefields follow a ‘glacial’ regime, whereby 
peak annual discharge is driven by summertime ice melt (Dussaillant et al., 2012).  
 
The icefields are sustained by low annual temperatures and orographic precipitation as 
a result of their high-altitude position (Lopez et al., 2010; Lenaerts et al., 2014). 
However, they are sensitive to rising global temperatures and are currently undergoing 
rapid rates of retreat (Glasser et al., 2011; Willis et al., 2012b, 2012a; Jaber, 2016; 
Foresta et al., 2018). Warming ocean temperatures are further accelerating the loss of 
ice along marine-terminating margins of the SPI (Moffat et al., 2018) and the San Rafael 
Glacier of the NPI (Willis et al., 2012a). The formation of meltwater lakes along the 
margins of many land-terminating outlet glaciers of the NPI, combined with widespread 
glacial thinning, has triggered numerous glacial lake outburst floods (or GLOFs) and 
these may be occurring with increasing frequency (Dussaillant et al., 2012; Carrivick 
and Tweed, 2016; Aniya, 2017). These GLOFs represent significant perturbations to 
the annual discharge regimes of even the largest rivers of the region, such as the Baker 
River (Dussaillant et al., 2012). Continued melting of the icefields will control future 
landscape evolution, such as through proglacial lake formation (Wilson et al., 2018). 
 
2.1.1. Latitudinal river transect 
A total of 29 rivers (42–48°S) were sampled for organic geochemical analysis between 
7 January and 23 February 2017 (Figure 2.2). These catchments span large gradients in 
glacier cover, lake influence and vegetation cover (Table 2.1), which serve as spatial 
proxies for temporal landscape changes linked to deglaciation. Sites toward the south 
of the study region have generally higher glacier cover whereas northerly sites are in 
more densely forested deglacial valleys. There are also large variations in the number 
and sizes of freshwater lakes between catchments. Although spot sampling may limit 
the value of individual observations, since it is not clear how representative each sample 
may be, trends across the full dataset enable analysis of landscape level controls over 
DOM composition. This helps to assess the long-term impact of ongoing glacier retreat 





Figure 2.2. Location of terrestrial and fjord sampling locations across study region with respect to 
glacial cover and freshwater lake distribution. Northern and Southern Patagonian Icefields (NPI, 
SPI) and the three largest lakes are labelled. Terrestrial sampling site numbers correspond to those 
in Table 2.1; with Huinay and Huemules rivers additionally labelled. Blue boxes show fjord 




Table 2.1. Catchment properties for rivers sampled for organic geochemical analysis between 42–
























































































        
1 Huinay 108 1.2 1 9 56 27 
2 Vodudahue 911 7.8 5 39 45 43 
3 Yelcho 11,354 2.2 64 33,695 50 27 
4 Amarillo 133 19.8 0 0 15 60 
5 Palena 12,506 2.6 81 17,580 52 30 
6 Ventisqueros 176 32.7 3 43 43 4 
7 Cisnes (I) 3,213 1.1 18 114 41 36 
8 Cisnes (II) 3,607 1.1 20 130 43 35 
9 Maniguales (I) 335 0.6 1 5 61 25 
10 Nireguao 1,964 0.1 19 164 39 43 
11 Maniguales (II) 4,333 0.2 24 176 54 32 
12 Aysen 11,328 1.3 81 6,829 48 33 
13 Blanco 2,987 4.4 32 6,358 59 26 
14 Simpson 2,410 0.0 1 278 22 49 
15 Estero del Bosque 33 14.2 1 2 28 47 
16 Ibanez 899 12.4 8 20 42 38 
17 Murta 345 12.6 5 23 53 26 
18 Leones 821 31.1 16 2,267 25 26 
19 Baker (I) 15,934 5.8 137 717,116 20 35 
20 Chacabuco 1,495 1.6 7 58 15 62 
21 Baker (I) 16,732 6.5 151 717,162 20 35 
22 Salto 1,030 12.9 11 175 31 41 
23 Huemules (I) 671 71.0 4 1,355 4 21 
24 Huemules (II) 242 38.7 3 274 15 32 
25 Nadis 575 17.0 9 17 36 39 
26 Del Paso 129 14.8 2 4 25 45 
27 Baker (III) 29,107 7.6 267 754,002 20 37 
28 Bravo 1,062 14.8 13 67 23 50 





2.1.2. Steffen Glacier 
Steffen Glacier is the third largest (~420 km2) and southernmost outlet glacier of the 
NPI (Rivera et al., 2007; Willis et al., 2012a). It terminates in a ~20 km2 freshwater 
lake (Glasser et al., 2016) with an active calving front that has retreated >5 km since 
1945 (Aniya, 2017). It has undergone 7 major periods of retreat since 1990, interspersed 
with dormant phases or minor re-advance (Aniya, 2017), and overall retreat has 
accelerated since 2000 (Rivera et al., 2007; Dussaillant et al., 2018). Satellite data show 
an area reduction of 11–12 km2 over the last 70 years which accounts for ~8% of the 
loss from the whole NPI (Rivera et al., 2007; Aniya, 2017). Estimates suggest that 
Steffen Glacier is losing mass at a rate of 0.43 ± 0.04 km3 a-1 (Willis et al., 2012a), 
which is the third fastest rate of loss amongst all NPI outlet glaciers (Aniya, 2017).  
 
Meltwaters from Steffen Glacier supply a large proglacial lake, which provides the 
biggest input of water to the Huemules River. Other water sources include smaller outlet 
 
 




glaciers of the NPI (Figure 2.3). River flow is thought to be sensitive to increased 
melting, glacier retreat and the failure of ice-dammed lakes. Since the 1980s, glacier 
thinning has triggered GLOFs from two ice-dammed lakes on the western side of 
Steffen Glacier (Anacona et al., 2015; Aniya, 2017), usually taking place either side of 
the peak ablation season when thinning rates are high (Aniya, 2014, 2017). Satellite 
imagery showed that one of these lakes, which had an extent of >5 km2 in 1987, drained 
completely in 2016 (Wilson et al., 2018) — see location in Figure 2.3. Grounded 
icebergs were observed along the banks of the Huemules on arrival at the field site in 
January 2017, suggesting that discharge levels during GLOFs can flush icebergs out of 
the proglacial lake. Due to a lack of historical discharge data, it is not clear whether 
GLOFs from Steffen Glacier are becoming a more frequent hazard, as has been 
suggested for the NPI more generally (Dussaillant et al., 2012). 
 
Steffen Glacier is considered representative of other NPI outlet glaciers due to its scale, 
freshwater terminus and current rate of retreat. It may reflect future conditions for 
systems on the eastern margin of the NPI, where glacier retreat is driving the formation 
and expansion of proglacial lakes (Wilson et al., 2018). Geochemical and discharge 
data for the Huemules River will provide critical insight into how glacier melt from the 
NPI affects river flow and composition.  
 
2.1.2.1. Sample collection 
Daily samples were collected between 11 January–26 February and 14–29 July 2017 at 
the outflow of the proglacial lake, where waters are considered well-mixed.  Additional 
samples collected every 2–3 days from upstream and downstream locations on the 
Huemules River capture geochemical variations along its course. Samples were also 
collected every 2–3 days from the humic-rich Quince River, as a local non-glacial 
comparison site. Sampling locations are shown in Figure 2.3. Bulk samples were filtered 
immediately and stored according to the requirements for each geochemical analysis 
(Section 2.2).  
 
Sensors were installed at the main sampling site near the outflow of the proglacial lake 
to obtain continuous data records, including for river stage and turbidity. Multi-year 




mounted at a secure bedrock location ~200 m further downstream. Stage data were 
converted to a continuous discharge record using Rhodamine B dye injection traces to 
generate a rating curve; a method previously employed to measure meltwater discharge 
from Leverett Glacier, Greenland (Bartholomew et al., 2011). The polynomial rating 
curve (R2=0.97; RMSE=8.8%) was based on 14 separate dye traces spanning the full 
range of observed flow levels (excluding GLOFs) for both field seasons. This is the first 
ever discharge record for the Huemules River.  
 
2.1.3. Baker-Martinez Fjord 
The Baker-Martinez Fjord (BMF) is situated between the NPI and SPI at ~48°S and 
comprises two main west-east oriented sub-basins, the northerly Martinez Channel and 
southerly Baker Channel (Figure 2.4). Some exchange between the two channels occurs 
via north-south connections in the central and outer fjord. The Martinez Channel is on 
average shallower (typically <500 m), with the Baker Channel reaching maximum 
depths >1000 m in the central fjord region (Rebolledo et al., 2019). The hydrographic  
 
 
Figure 2.4. Geography of Baker-Martinez Fjord and location of sampling stations. Station numbers 





structure of BMF is typical of other fjords, comprising a thin freshwater surface layer 
above denser marine water (Bustamante, 2009; Ross et al., 2014, 2015). Annual 
precipitation rates are high, peaking in the austral winter (May–August; Rebolledo et 
al., 2019) but freshwater inputs are at a maximum during the austral summer 
(December–March) when glacier melting drives river discharge (Rebolledo et al., 
2019). The principal input rivers, the Baker and Pascua, receive meltwaters from the 
NPI and SPI respectively (Vargas et al., 2011; Rebolledo et al., 2019). Smaller but less 
well quantified meltwater inputs are derived from the Jorge Montt Glacier, SPI, and 
Steffen Glacier, NPI, via the Huemules River. The Bravo River at the head of Mitchell 
Fjord provides a further freshwater flux from a less glacially influenced catchment.  
 
Tides follow a predominantly semidiurnal regime (Ross et al., 2014) and the overall 
circulation pattern is controlled by the prevailing winds (Aiken, 2012). Wind forcing 
causes sub-surface warm water intrusions from the main Baker Channel into Jorge 
Montt Fjord over a shallow sill ~45 m deep (Moffat, 2014). This highlights a sensitivity 
of the Jorge Montt Glacier to ocean warming (Moffat et al., 2018) and may contribute 
to its rapid recent retreat (Rivera et al., 2012), leading to dynamic changes in circulation 
patterns in this sector of the fjord. 
 
2.1.3.1. Sample collection 
Sampling was conducted on the BMF on board the RV Sur Austral (University of 
Concepción) during the austral summer (16–23 February) and winter (4–9 July) of 
2017. Sampling details for the fjord surface layer at each station are in Table 2.2, with 
station locations marked on Figure 2.4. A Seabird SBE model 25 CTD instrument was 
deployed at each station to measure vertical profiles in temperature, salinity, chlorophyll 
fluorescence and turbidity. Surface layer water was sampled with a Teflon diaphragm 
underway pump and passed through Whatman® Polycap GW 75 filter capsules 
(0.45 µm, PES membrane). Further underway samples were collected regularly during 
passage between the stations to provide better spatial coverage of variations in 
freshwater layer composition. At each station, Niskin bottles were used to collect water 
from selected depths. Samples were filtered for DOC, spectrofluorescence and 
dissolved nutrient analyses (protocols in Section 2.2). Where possible the same stations 




Table 2.2. Surface layer sampling undertaken on the Baker-Martinez Fjord during austral summer 
(Feb) and winter (Jul) seasons 2017.  Symbols denote measurements taken in summer only (†), 




































































           
MARTINEZ CHANNEL & INLETS         
Steffen Fjord S1 47.640 73.667 1.4  ✓ ✓ ✓ ✓ ✓ 
 S2 47.679 73.715 7.4  ✓ ✓  ✓ ✓ 
 S3 47.743 73.692 13.2  †     
 S4 47.773 73.693 16.4  ✓ ✓ ✓ ✓ ✓ 
           
Rio Baker plume S5 47.787 73.610 3.6  ✓ ✓ ✓ ✓ ✓ 
           
Mitchell Fjord S17 47.958 73.221 1.3  ✓ ✓ ✓ ✓ ✓ 
 S16 47.949 73.353 11.2  ✓ ✓ ✓ ✓ ✓ 
 S8 47.907 73.503 23.1  ✓ ✓ † ✓ ✓ 
           
BAKER CHANNEL & INLETS         
Jorge Montt Fjord S13 48.280 73.441 6.8  † † † † † 
S20 48.255 73.442 9.5  § § § § § 
 S19 48.228 73.502 12.4  † ✓  ✓ ✓ 
 S18 48.203 73.502 15.2  † ✓  ✓ ✓ 
 S12 48.191 73.509 16.5  † † † † † 
           
Rio Pascua plume S10 48.179 73.347 3.9  ✓ ✓ ✓ ✓ ✓ 
           
Central fjord S7 47.947 73.764 24.4  ✓ ✓ § ✓ ✓ 
S9 48.020 73.649 27.0  ✓ ✓ § ✓ ✓ 
           
Outer fjord S21 47.911 74.463 79.4  § § § § § 
           
 
* Distance refers to straight-line distance between sampling site and nearest river/glacier input  
 
 
composition.  Exceptions include Jorge Montt Fjord, where data from the ice-proximal 
summer station (S13) are compared to a winter station (S20) 2.7 km further down fjord 
due to access being limited by floating ice in winter. No data are available for the fjord 
sill station (S12) in winter. An additional station near the mouth of the Baker Channel 
(S21) was sampled in winter. Subsurface samples were collected at several stations in 


















      




Steffen Fjord S1 47.640 73.667 40 31.9 
 S4 47.776 73.693 270 33.9 
      
Rio Baker plume S5 47.787 73.609 140 33.7 
      
Mitchell Fjord S17 47.958 73.221 130 33.7 
      
BAKER CHANNEL & INLETS    
Jorge Montt Fjord S20 48.255 73.442 30 30.7 
 S20 48.255 73.442 180 31.5 
      
Central fjord S9 48.020 73.649 180 33.8 
 
 
2.1.4. Other study sites 
Additional data were collected during extended monitoring of the Huinay River (29 
January–15 February 2018) surveys of Comau Fjord (5–8 February 2018) and 
Puyuhuapi Channel (12–16  February 2018); locations in Figure 2.2. These data are not 
a major focus of this thesis but were used to capture variations in freshwater and marine 
DOM and constrain the regional PARAFAC model (Section 2.3.2.3). Brief descriptions 
of these field sites are provided below.  
 
2.1.4.1. Huinay River  
The Huinay River drains a small, densely forested catchment with low glacier cover at 
the northern end of the study region (see Table 2.1) and is a relatively minor freshwater 
input to Comau fjord. Discharge is highly responsive to precipitation, which can exceed 
5 m each year (Soto, 2009, cited by Mayr et al., 2014).  
 
2.1.4.2. Comau Fjord 
Comau Fjord at ~42°S (Figure 2.2) is ~180 km2 with a mean depth of 490 m (Pickard, 
2011). It has a typical estuarine circulation with freshwater transported seaward in an 
upper layer and marine water ingress at depth (Mayr et al., 2014). Inflowing rivers, 





2.1.4.3. Puyuhuapi Channel 
Puyuhuapi Channel is a ~50km long, northeast-southwest oriented inlet ~44°S. Unlike 
other Patagonian fjords, subsurface marine waters overflow shallow sills at both ends 
of the channel via connections with the Jacaf Channel in the north and the Moraleda 
Channel to the south (Schneider et al., 2014). The Cisnes River is the largest input of 
freshwater (Schneider et al., 2014). In contrast to the relatively pristine BMF, salmon 
farming in Puyuhuapi Channel may have led to incidences of harmful algal blooms 





2.2. Sample filtration and storage 
All samples were filtered and stored according to analytical requirements, summarised 
in Table 2.4. All equipment was purchased new and cleaned before use. All plasticware 
bottles and syringes were soaked in DECON® surfactant (5%) for 24 hours, soaked and 
rinsed thoroughly in MilliQ (MQ; 18 MΩ cm-1) water, soaked for a further 24 hours in 
10% HCl and then rinsed 6 times in MQ. In the field, all syringe filters were initially 
flushed through with ~10 ml of sample and this filtrate was discarded. Storage bottles 
were pre-rinsed 3 times with subsequent filtrate before collecting the final filtered 
sample. Field blanks of filtered MQ water were collected regularly for each analyte over 
the field seasons to monitor the cleanliness of sampling procedures. 
 
Table 2.4. Filtration and storage methods for field samples. 
Analysis vol Filter selection Storage 
    
DOC,  
fluorescence 
30 ml Whatman® Puradisc AQUA (0.45 µm) 
syringe filters. Specially designed for 
environmental DOM applications with 
cellulose acetate membrane pre-washed by 
manufacturer to remove organic contaminants. 
 
• HDPE bottle 
• Pre-furnaced (450°C, 
5 hrs) borosilicate 
vials for some 
fluorescence samples 







Whatman® PES (0.2 µm) syringe filters; 
sufficiently small pore size to exclude most 
bacteria. 
 
• Polycarbonate bottle 
• Frozen (-20°C) 
FT-ICR MS 1 L River samples filtered through pre-furnaced 
(450°C, 5 hrs) GF/Fs (0.7 µm).  Furnacing 
removes organic contaminants. 
 
Fjord samples filtered through Whatman® 
Polycap GW 75 filter capsules with PES 
membrane or Whatman® PES filters (both 
0.45 µm pore size) — multipurpose material 
suitable for trace level work. 
 
• Polycarbonate bottle 
• Acidified to pH ~2 
with 1 ml conc. HCl in 
1L sample 
• At ambient 
temperature before 
extraction; see Section 
2.3.3.2. 
POC > 2 L Pre-furnaced (450°C, 5 hrs) GF/Fs (0.7 µm). 
Low carbon content of filter allows 
determination of sediment POC content to 
very low levels (~0.02%); see Section 0. 
 
• Filter with sediment in 
clean zip-lock bag 
• Frozen (-20°C) 
Dissolved 
nutrients 
30 ml Whatman® GD/XP (0.45 µm) syringe filters; 
suitable for trace level work. 
• HDPE bottle 





2.3. Analytical methods 
This section details the techniques used to analyse the concentration and composition 
of organic matter in Patagonian rivers and fjords, as this is the primary goal of the thesis. 
Complementary dissolved nutrient analyses of fjord waters are also briefly described.  
 
2.3.1. Dissolved organic carbon (DOC) concentrations 
DOC concentrations were determined on a Shimadzu TOC-LCHN analyser equipped 
with a halogen scrubber to enable analysis of saline samples alongside freshwater 
samples. Briefly, inorganic carbon species were converted to CO2 through automatic 
acidification with HCl to pH 2–3 and sparged from solution by bubbling carbon-free air 
through the sample. The sample was then transferred to the catalyst for high temperature 
combustion at 680°C. The resultant CO2 was transferred by carrier gas to an electronic 
de-humidifier, for cooling and dehydration, and a halogen remover system. Carrier gas 
transfers the sample to a non-dispersive infrared detection cell to measure CO2 
absorbance as a proxy for the original DOC concentration. This method accurately 
measures non-purgeable organic carbon, with very few volatile aromatic structures 
(<5% total DOC; Shimadzu) likely to be lost during sparging. The method therefore 
provides a conservative measurement of total DOC. 
 
 
Figure 2.5. Typical calibration curve for DOC concentration determination on 
the Shimadzu TOC-LCHN analyser. 





















Instrument calibration was based on measurement of a certified potassium hydrogen 
phthalate stock (1000 ± 10 mg L-1; Sigma Aldrich) gravimetrically diluted to a range of 
concentrations (0.05–4.93 mg L-1). Figure 2.5 shows an example calibration curve for 
the instrument. Calibrations were stable over multiple analytical runs and no significant 
drift in measurements was observed. Repeat measurement of intermediate concentration 
check standards (0.1, 0.5 and 1.0 mg L-1) over each analytical run showed minimal 
variance (ranging between 2.0% and 6.9%, and typically <5%). Instrumental limits of 
detection (LoD) and quantitation (LoQ) were calculated as 0.033 mg L-1 and 
0.044 mg L-1, respectively, from repeat measurements of blanks and low concentration 
standards (Armbruster and Pry, 2008; Equation 2.1–Equation 2.3). Field blanks of 
filtered MQ water had an average DOC concentration of 0.034 ± 0.022 mg L-1 (n=14), 
which is very close to the LoD and confirms the cleanliness of sampling procedures. 
 
Equation 2.1. Limit of blank (LoB) 
 
LoB = mean blank + (1.645 x SD of blank) 
 
Equation 2.2. Limit of detection (LoD) 
 
LoD = LoB + (1.645 x SD of low concentration sample) 
 
Equation 2.3. Limit of quantitation (LoQ) 
 







2.3.2. Spectrofluorescence data 
2.3.2.1. Scanning procedures 
Samples were defrosted prior to analysis on an Agilent Cary Eclipse Fluorescence 
Spectrophotometer equipped with a xenon flash bulb. Excitation-emission matrices 
(EEMs) were collected over excitation wavelengths 240–450 nm (5 nm increments) and 
emission wavelengths 300–600 nm (2 nm increments) at a rate of 1200 nm min-1 and 
with 0.1 second integrations. Excitation and emission monochromator slit widths were 
5 nm. All samples were scanned through 10 mm quartz cuvettes, which had been stored 
in 50% HNO3 and thoroughly rinsed with MQ. In between scans, cuvettes were rinsed 
three times with both MQ and sample to avoid cross-contamination. Daily MQ scans 
were collected for blank corrections and to monitor both instrument performance and 
procedural cleanliness. Additional UV-absorbance measurements were collected on an 
Agilent Cary Eclipse 60 UV-vis spectrophotometer between 200–800 nm at a speed of 
600 nm min-1. Absorbance data accuracy was verified by measurement spectra for a 
certified holmium reference cell (holmium oxide in perchloric acid), which were 
consistent with the long-term average of the instrument.  
 
2.3.2.2. Data processing 
All fluorescence EEMs were corrected and processed in MATLAB using built-in 
functions from the drEEM Toolbox 0.2.0 (Murphy et al., 2013).  
 
First, all EEMs were corrected for instrumental biases. These relate to variable 
transmission efficiencies of different wavelengths through the monochromators and 
alignment discrepancies. An instrument-specific correction file was used to generate a 
matrix of correction factors for all wavelength pairs and applied to all sample EEMs.   
 
Second, data were corrected for inner filter effects (IFEs). IFEs are most pronounced at 
shorter wavelengths and in more concentrated samples where chromophores, which 
absorb incident and re-emitted radiation, dampen fluorescence signals. Correction 
matrices were generated for each sample from UV-absorbance scans and applied to the 
corresponding EEM. Although not strictly necessary for low concentrations (DOC 
<1 mg l-1) or absorbances <0.05 (Murphy et al., 2013), the higher concentration samples 




ensure a consistent method, even though they had negligible effect for many samples.  
Correction accuracy is typically ±5% for absorbances <2.0 (Murphy et al., 2013), which 
applies to most samples in this dataset. 
 
Third, non-fluorescent signals relating to elastic Rayleigh and inelastic Raman 
scattering were removed from the dataset. These phenomena produce diagonal scatter 
bands in EEMs, cutting across true fluorescence signals, and do not conform to the 
assumptions of trilinear variation in PARAFAC modelling (Andersen and Bro, 2003; 
Ohno and Bro, 2006; Stedmon and Bro, 2008).  Subtraction of the relevant daily MQ 
blank scan from each sample EEM reduced the intensity of Raman scatter peaks but it 
was necessary to excise all primary and secondary Rayleigh and Raman scatter peaks. 
Fluorescence signals were not interpolated across the excised scatter bands as this 
resulted in atypical component spectra in subsequent PARAFAC modelling.  
 
2.3.2.3. PARAFAC Modelling 
Parallel factor (PARAFAC) analysis is a multiway technique used to decompose a 
three-dimensional dataset into separate component factors which account for maximum 
signal variance across all samples (Figure 2.6). In the context of fluorescence data, 
components relate to excitation/emission spectra which vary only in intensity between 
samples. PARAFAC is a powerful statistical tool to analyse complex chemical signals 
but does not utilise any chemical information. PARAFAC components with chemically 
realistic spectra are assumed to represent actual chemical moieties in samples. Analysis 
is premised on the following critical assumptions (Murphy et al., 2013):  
 
• each model component must have distinct excitation/emission spectra which 
do not vary across the dataset; 
• components must not perfectly covary in intensity with each other; 
• a component’s fluorescence intensity is proportional to its concentration;  
• total sample fluorescence is the sum of all individual component intensities.  
 
However, different fluorophores usually scale independently with concentration and so 
it is likely that there will be at least some covariation of components. Hence, there is a 




model for a specific dataset. Several key papers outline the principles of PARAFAC 
and highlight best practice when applying such models to real world data (Stedmon and 
Bro, 2008; Murphy et al., 2013, 2014b). 
 
 
Figure 2.6. Conceptual diagram to illustrate PARAFAC methods.  PARAFAC decomposes signals 
in a 3-dimensional fluorescence dataset (containing i samples, over j emission and k excitation 
wavelengths) into separate components that describe the majority of variance across the dataset.  
Source: Murphy et al. (2013). 
 
 
Initial analysis involves an iterative process whereby a series of models with an 
increasing number of components are applied to the data and results compared between 
models and against performance criteria. An appropriate number of components are 
identified along with outlier samples/wavelengths which are excluded before model 
refinement. The final model is developed with stricter convergence criteria and random 
initializations. The PARAFAC model here was developed from 386 out of a total of 
407 samples using 10 random initializations, non-negative spectral constraints and a 
convergence criterion of 10-8. The excluded samples had atypical fluorescence profiles 
and high leverage (>0.3) scores. High leverage wavelengths (excitation <245 nm, 
emission >550 nm) were also excised from the dataset. Preliminary models confirmed 
the need to normalise fluorescence intensities to total fluorescence in each EEM, thus 




model convergence. Overall, a 7-component model provided the best fit to the data 
based on the following assessments:  
• All components exhibit realistic fluorescence signatures (Figure 2.7).  Models with 
fewer components produced atypical spectral features that suggested underfitting.  
• All component spectra were cross-referenced against published models in the 
OpenFluor database (Murphy et al., 2014a) and had been identified previously. The 
similarity between components in this model and those in the database was assessed 
using the Tucker’s Congruence Coefficient (TCC), where scores >0.9 reflect high 
similarity and those >0.95 are deemed to be identical.  Descriptions of the matching 
fluorophores are in Table 2.5. 
 
 
Figure 2.7. Results of 7-component PARAFAC model. Each plot shows the fingerprint of a separate 
component in excitation-emission space and is annotated with the component (C) name, where the 




Table 2.5. Fluorophores identified in 7-component PARAFAC model and their description. Each 
component has been cross-referenced against other published PARAFAC models in the OpenFluor 
database (Murphy et al., 2014a). Matches are subdivided into sample types and then ranked by the 
degree of similarity, as determined by the Tucker’s Congruence Coefficient (TCC; where values 
>0.9 indicate high similarity and values >0.95 (and in bold) are regarded as identical matches). 
Component 
Matching fluorophores 
Type Region TCC Reference 
      
C498 
Ex. <240 (380) nm 
Em. 498 nm  
 
Terrestrial humic, with 
some aromatic character. 
Some similarity with 
classical peaks A and C. 
Marine water Baltic Sea 0.980 (Stedmon et al., 2007b) 
Arctic 0.977 (Walker et al., 2009) 
Baltic Sea  0.972 (Murphy et al., 2014) 
Global 0.967 (Catalá et al., 2015) 
North Atlantic & Beaufort Sea 0.967 (Dainard et al., 2015) 
North Atlantic & North Pacific 0.965 (Murphy et al., 2008) 
    
Coastal water Canadian & Alaskan Arctic 0.977 (Walker et al., 2009) 
North Atlantic & Gulf of Mexico 0.974 (Brym et al., 2014) 
Arctic fjords 0.964 (Wünsch et al., 2018) 
    
Sea ice Baltic Sea 0.970 (Stedmon et al., 2007) 
    
Freshwater Otonabee River, Canada 0.979 (Peleato et al., 2016) 
West Greenland lakes 0.974 (Osburn et al., 2017) 
Congo rivers 0.970 (Lambert et al., 2016) 
Great Lakes, USA 0.962 (Williams et al., 2013) 
    
Terrestrial 
runoff 
Denmark 0.985 (Søndergaard et al., 2003) 
Europe 0.971 (Graeber et al., 2012) 
    
Coastal lagoon Southeast Atlantic 0.968 (Amaral et al., 2016) 
Ballast water Global 0.980 (Murphy et al., 2006) 
Drinking water Australia 0.991 (Shutova et al., 2014) 
      
C452 
Ex. 260 (325) nm 
Em. 452 nm  
 
Terrestrial humic-like 
with some fulvic 
character.  Some 
similarity to classical 
peaks A and C. 
Marine water Arctic 0.971 (Guéguen et al., 2014) 
   
Global locations 0.935 (Jørgensen et al., 2011) 
Arctic 0.918 (Gonçalves-Araujo et al., 2016) 
    
Sea ice Baltic Sea 0.975 (Stedmon et al., 2007) 
    
Estuarine and 
coastal 
South Atlantic Bight, USA 0.958 (Kowalczuk et al., 2009) 
North America 0.957 (Osburn et al., 2016) 
    
Freshwater 
lakes 
Sweden 0.959 (Kothawala et al., 2013) 
Great Plains, USA 0.959 (Osburn et al., 2011) 
Argentinian Patagonia 0.939 (Cárdenas et al., 2017) 
    
Subtropical 
wetlands 
Florida, USA 0.957 (Yamashita et al., 2010) 
      
      





Ex. <240 nm 
Em. 446 nm  
 
Terrestrial humic-like 





Everglades, Florida, USA 0.947 (Yamashita et al., 2010) 
    
Marine  Beaufort Sea 0.946 (Dainard et al., 2015) 
    
Estuarine and 
coastal 
Baltic Sea 0.946 (Murphy et al., 2014) 
Yangtze Estuary, East China Sea 0.938 (Li et al., 2015) 
North America 0.933 (Osburn et al., 2016) 
Horsens Estuary, Denmark 0.924 (Stedmon et al., 2003) 
Arctic fjords 0.920 (Wünsch et al., 2018) 
   Baltic Sea 0.918 (Stedmon et al., 2007b) 
      
C328 
Ex. 260 nm 
Em. 328 nm  
 
Syringic acid/protein-like 
Marine Norwegian Sea 0.951 (Wünsch et al., 2015) 
      
C304 
Ex. 270 nm 






Australia 0.969 (Murphy et al., 2011) 
Ice core Antarctica 0.947 (D’Andrilli et al., 2017) 
      
C354 
Ex. <240 (295) nm 
Em. 354 nm  
 
Tryptophan-like.  
Similarity to classical 
peak T. 
Sea ice brines Antarctica 0.980 (Stedmon et al., 2011) 
Estuarine and 
marine water 
Arctic fjords 0.971 (Wünsch et al., 2018) 
South Atlantic Bight, USA 0.962 (Kowalczuk et al., 2009) 
    
Tidal saltmarsh Georgia, USA 0.956 (Bittar et al., 2016) 
    
Terrestrial West Greenland lakes 0.958 (Osburn et al., 2017) 
    
Treated water 
supplies 
Australia 0.961 (Murphy et al., 2011) 
      
C390 
Ex. 315 (265) nm 
Em. 390 nm 
 
Humic with marine-like 
character, indicating 
some microbial 
degradation.  Similarity 
to classical peak M or 




Baltic Sea 0.984 (Murphy et al., 2014) 
North America 0.972 (Osburn et al., 2016) 
South Atlantic Bight, USA 0.970 (Kowalczuk et al., 2009) 
Yangtze Estuary, East China Sea 0.941 (Li et al., 2015) 
Gulf of Maine 0.923 (Cawley et al., 2012) 
    




(Gonçalves-Araujo et al., 2016) 
Marine 
deepwater 
Japan Sea, North Pacific 0.980 (Tanaka et al., 2014) 
    
Freshwater 
lakes 
Great Plains Lakes, USA 0.968 (Osburn et al., 2011) 
Sweden 0.926 (Kothawala et al., 2013) 





• The 7-component model was validated using split-half analysis, whereby models 
developed from independent subsamples produced identical results. In this case, 
the dataset was randomly split into 4 equally sized groups that were recombined 
into 6 different data halves and modelled separately. Spectra from the separate 
models were compared in 3 tests of similarity (TCC) between corresponding data-
halves. The split-half framework is summarised in Table 2.6 and the results shown 
in Figure 2.8. The model was validated with TCC scores >0.95 for all components 
across all tests.  
• Split-half methods could not validate models with fewer than 7 components.  
• Model residuals for 7 components contained mostly random noise; in contrast, 5- 
and 6-component models contained residuals with structural features.    
 
 
Figure 2.8. Split-half validation results for the 7-component PARAFAC model. Overlapping lines 




• The 7-component model described >98.6% of the variance when re-projected onto 
the reverse-normalised dataset. 
• A moderate core consistency (30.8%) in the final model is not dissimilar to that of 
5- and 6-component models (<40%) and therefore does not imply a weakness in 
the model since performance against other criteria is strong (Murphy et al., 2008, 
2011, 2013). Model core consistency scores relate to the appropriateness of the 
model, and specifically its number of components, with higher percentages 
indicating a model better suited to the dataset (Bro and Kiers, 2003). However, in 
practice, modelling adjustments that improve core consistency are often offset by 
negative changes to other model features (A. Kellerman, pers. comm.).  
 
Table 2.6. Split-half validation framework employed in development of 
PARAFAC model for DOM fluorescence in Chilean Patagonia. 
Step n Groupings 
Splits 4 A, B, C, D 
Combinations 6 AB, CD, AC, BD, AD, BC 
Tests 3 AB vs. CD, AC vs. BD, AD vs. BC 
 
 
The full dataset here contains 407 samples from three fjords and multiple headwater 
rivers across Chilean Patagonia, including prolonged time series from the Huemules 
and Huinay rivers. The final validated model benefits from the large number of samples 
across a range of environments, whereas separate models for freshwater and marine 
samples were less robust and less reproducible. Moreover, the combined model helps 
to trace fluorescence signatures across environments and test the influence of rivers on 





2.3.3. Molecular determination of DOM 
Ultrahigh resolution Fourier Transform ion cyclotron resonance mass spectrometry 
(FT-ICR MS) has advanced the study of environmental DOM by enabling molecular 
analysis (Nebbioso and Piccolo, 2013). It has been employed across varied freshwater 
and marine environments to investigate biogeochemical and photochemical processes 
(Kujawinski et al., 2004; Singer et al., 2012; Kellerman et al., 2015; Riedel et al., 2016; 
Seidel et al., 2017). Despite the complexity of DOM, this technique generates highly 
accurate mass spectra to enable reliable formulae assignment and the determination of 
structural molecular properties (Koch and Dittmar, 2006). The data also lend themselves 
to multivariate and non-parametric statistical tests to determine relationships between 
DOM composition and environmental conditions (Kellerman et al., 2015; Riedel et al., 
2016). Moreover, the availability of non-selective extraction matrices has made it 
possible to preconcentrate DOM to required analytical levels, without biasing against 
particular fractions (Dittmar et al., 2008).    
 
2.3.3.1. Principles of FT-ICR MS 
The principles of FT-ICR MS are covered in detail elsewhere (Marshall et al., 1998) 
and a brief summary is provided here along with a schematic for analysis in Figure 2.9. 
Individual molecules within a heterogeneous DOM sample are detected from the 
individual resonant frequencies of rotation of their ions following excitation in a 
magnetic field, which are linked to their mass to charge (m/z) ratio.  To achieve this, a 
non-destructive ionization system is used to generate ions from a mixed DOM sample. 
The ion cloud is contained within a Penning trap (or ion trap) where it rotates under an 
imposed magnetic field. A variable radio frequency (RF) applied through excitation 
plates promotes individual ions to a higher orbit in the cloud at specific frequencies. 
Detector plates register these excited ions as an induced alternating current, with a 
frequency that matches the cyclotron frequency of the ions and a signal strength that 
scales with the number of excited ions. A Fourier Transform converts the registered 
signal into a frequency spectrum, which is then calibrated against theoretical m/z values 
for individual peaks. Formulae are assigned to peaks of sufficient size (defined by a pre-
determined threshold above the baseline noise) using stoichiometrically constrained 






Figure 2.9. Schematic for FT-ICR MS analysis. Source: University of Bristol, School of Chemistry, 
Mass Spectrometry Facility http://www.chm.bris.ac.uk/ms/fticrms.xhtml. 
 
2.3.3.2. Sample processing, analysis and formulae assignment 
Filtered samples (see Section 2.2) underwent solid phase extraction (SPE) through 
Varian Bond Elut PPL (200 mg) cartridges, which contain a non-selective styrene 
divinyl benzene polymer with 15 nm pores, capable of extracting a diverse range of 
polar and non-polar compounds from heterogeneous mixtures (Dittmar et al., 2008). 
Suggestions that these cartridges select against hydrophilic compounds (Hemingway et 
al., 2019) are thought to have a minimal impact on mass spectra since the affected 
compounds form a relatively minor constituent of freshwater DOM (Raeke et al., 
2016),.  
 
Cartridges were first soaked overnight with HPLC-grade methanol (MeOH) and rinsed 
with a further cartridge volume (3 ml) of MeOH, then subsequently rinsed in turn with 
2 cartridge volumes of MQ, 1 of MeOH and then 2 of acidified (pH ~2) MQ. Since 
exact sample concentrations were not known a priori, and PPL cartridges may only 
have an extraction efficiency of 40% (Dittmar et al., 2008), a conservative approach 
was used to estimate the sample volumes needed to extract 40 µg C onto each cartridge. 
Based on limited DOC concentration data for a few test samples from rivers across the 
region, we extracted 1 L volumes for more dilute glacial samples and 500 ml for more 
humic samples. Cartridges were then rinsed with 2 further volumes of acidified MQ to 
remove any salts and allowed to dry before storage at 4°C. Immediately prior to 




into pre-furnaced (450°C, 5 hours) 2 ml amber glass vials. Following measurement of 
DOC, the volume of eluent was adjusted with additional MeOH to achieve the target 
concentration of 40 µg C ml-1 for all samples. Consistent concentrations minimise the 
effects of differential selective ionization, which could otherwise limit inter-sample 
comparisons.  
 
Extracted DOM samples were analysed on a 21 Tesla FT-ICR mass spectrometer fitted 
with a 22 cm ICR bore cylinder and operating in negative ion mode (National High 
Magnetic Field Laboratory (NHMFL), Tallahassee, FL, USA). Electro-spray ionization 
(600 nl min-1 flow rate and variable voltage of 2.6–3.2 kV) was used to deprotonate 
DOM molecules and produce a negatively charged ion cloud, which was drawn into the 
instrument. Sample signals were produced from a total of 100 coadded scans and then 
Fourier transformed into frequency spectra which were calibrated against known m/z 
values using Predator software (NHMFL). Calibrations were based on at least three 
identifiable and overlapping Kendrick series that spanned the full mass range (100–
1000 Da), applying the same series to all samples where possible.  
 
Formulae were assigned using PetroOrg software (Florida State University) for all 
peaks that were at least 6 times greater than the RMSE of baseline signal and had mass 
calibration errors <500 ppb. A unique formula from within the range of possible 
elemental combinations (C1–45H1–92N0–4O1–25S0–2) was assigned to each peak. All 
assigned formulae were then allocated to specific compound categories based on 
elemental stoichiometries and values of a modified aromaticity index (AImod), which 
provides structural information and is calculated from molecular formulae (Equation 
2.4). Threshold values for AImod provide strong evidence for the presence of aromatic 
(AImod > 0.5) and condensed aromatic (AImod > 0.66) structures (Koch and Dittmar, 
2006). Compound category criteria were taken from Kellerman et al. (2018) and are 
summarised in Table 2.7. Relative peak intensities were calculated for each formula as 
a proportion of the total signal for each sample for use in all subsequent analyses.   
 
Equation 2.4. Calculation of the modified aromaticity index (AImod) based 
on number of C, H, O, N and S atoms in a molecular formula. 
𝐴𝐼𝑚𝑜𝑑  =  
1 + 𝐶 − 𝑆 − 0.5(𝑂 + 𝐻 + 𝑁)





Table 2.7. Compound category assignments for FT-ICR MS peaks based on 
modified aromaticity index (AImod) values and elemental ratios of assigned formulae. 
Compound category Criteria 
  
Condensed (or polycyclic) aromatic AImod > 0.66 
Polyphenolic 0.66 ≥ AImod > 0.5 
Highly unsaturated and phenolic AImod ≤ 0.5; H/C < 1.5 
Aliphatic 2 ≥ H/C ≥ 1.5; N = 0 
Peptide-like 2 ≥ H/C ≥ 1.5; N > 0 




2.3.4. Particulate organic carbon (POC) concentrations 
Due to practical constraints and low suspended sediment concentrations (SSCs), limited 
amounts of particulate material were available from some rivers to determine organic 
carbon content through standard methods of elemental analysis. This section outlines 
how POC concentrations were determined from small samples through direct analysis 
of particulates on filters. POC concentrations are calculated from SSCs and the 
percentage weight of organic carbon (OC%) in the sediment (Equation 2.5).  
 
Equation 2.5. Calculation of particulate organic carbon (POC) concentrations. 
     
POC = SSC x OC 
mg C L-1  mg L-1  % wt. 
 
 
2.3.4.1. Suspended sediment concentrations (SSCs) 
SSCs were determined from the mass of sediment retained from filtered water samples 
of a known volume. In the field, ~300 ml of river water was passed through pre-weighed 
Whatman® cellulose nitrate filters (0.45 µm pore size; 47 mm diameter), which were 
left under a mild vacuum until air dry. In the laboratory, the filters were dried overnight 
at 60°C and re-weighed. The increase in weight was taken as the amount of sediment 





2.3.4.2. Elemental analysis of particulate organic carbon 
River water particulates were retained on pre-furnaced (450°C,5 hours) GF/F filters and 
stored frozen. Large water samples (>2 L) were needed to obtain enough solid material 
for analysis. The filters were defrosted and dried thoroughly in the lab prior to analysis 
on a Thermo Electron Flash Elemental Analyser 1110, which uses high temperature 
(1000oC) catalytic combustion to oxidise samples and collects the combustion products 
for measurement. The total amount of carbon (TC) liberated in each analysis is 
normalised by the sample weight to obtain elemental mass fractions (or percentages). 
Organic carbon (OC) is determined via the same process but after removal of inorganic 
carbonates by acidification (Hedges and Stern, 1984). A correction factor was applied 
to OC data to compensate for the increase in mass arising from the sorption of water 
vapour by hygroscopic salts following acidification (Hedges and Stern, 1984). These 
OC-specific corrections were of similar magnitude for field samples and blanks. Repeat 
measurements of a soil reference standard (CE Instruments part no: 338-400-25; 
TC = 2.29 ± 0.07%) were within <5% (RSD) variation and showed an absolute 
deviation of 0.026% from the true value.  
 
Field samples were analysed directly on GF/F filters and corrected for the mass and C 
content of the filter. Overall, this approach was deemed preferable to methods which 
remove sediments from filters by washing or scraping as these may, respectively, bias 
against certain grain sizes or introduce unknown amounts of filter material into each 
analysis. A circular metal cutter (cleaned with acetone) was used to subsample each 
filter uniformly and ensure a consistent mass of filter material was analysed with each 
sample. This allowed reliable blank corrections (Equation 2.6) based on the composition 
of GF/F material (Table 2.8). Errors on individual terms in the blank corrections were 
also propagated (using rules for absolute and relative errors in Equation 2.6 and 
Equation 2.7, respectively) to calculate the total uncertainty on the corrected TC and 
OC sample values. The errors used were the standard deviations of mass (Mb) and 
elemental content (Cb) of blank filter material (Table 2.8), and instrument uncertainties 





Table 2.8. Mass and elemental content of blank filter material (GF/Fs) 
included in samples for POC determination on Elemental Analyser. 
 
mass (mg) TC (%) 
OC (%)  
[acidified filter] 
mean 6.358 0.028 0.023 
S.D. 0.037 0.008 0.010 
n 10 10 8* 
    
*OC measurements were 0% for two blanks, so blank OC content is taken as the 
mean of the remaining eight blanks which gave a positive reading, leading to 
more conservative blank corrections. 
 
 
Blank corrections were performed for samples where the raw measurement was above 
the instrumental LoD (0.01% for TC and OC); values below this were not reliable and 
eliminated from the dataset. On this basis, sample rejection rates for TC and OC were 
0% and 8%, respectively. Total nitrogen (TN) data were also generated by the elemental 
analyser but were deemed less reliable (due to 50% sample rejection rate, very low TN% 
content close to LoD in samples and poorly constrained blank values) and so were 
excluded from the final dataset. Reliable TC and OC measurements were, however, 
obtained for small particulate samples analysed directly on GF/F filters. The overall 
uncertainties on the final sample POC concentrations were <20%, which is considered 
acceptable for such small samples with low OC-content (down to 0.03%). 
Equation 2.6. Blank correction in elemental analysis of suspended sediment samples. 
Cs = ((Cm.Mm) – (Cb.Mb))/(Mm–Mb) 
Cs = percentage weight of carbon in blank corrected sample  
Cm = percentage weight of carbon in measured sample (filter + sediments)  
Mm = measured mass of sample (filter + sediments)  
Cb = percentage weight of carbon in blank filter  
Mb = average mass of blank filter material included in each sample 
 
 
Equation 2.7. Propagation of absolute errors for addition/subtraction terms in an equation. 
 
𝛥𝑍 =  √(𝑘1∆𝐴)2 + (𝑘2∆𝐵)2 +  … 
 
A, B, Z = terms in base equation  
ΔA, ΔB, ΔZ = uncertainties on individual terms  




















A, B, Z = terms in base equation  
ΔA, ΔB, ΔZ = uncertainties on individual terms  






2.3.5. Dissolved nutrient analyses 
Nutrient concentrations were determined by colorimetry for fjord water samples on a 
LaChat QuikChem® 8500 series 2 flow injection analyser.  This approach is based on 
the Beer-Lambert law, whereby analyte concentration is proportional to the absorbance 
of light at a specified wavelength (Grasshoff et al., 1999). Ammonium (NH4
+) 
concentrations were calculated from absorbance readings at 640 nm following reaction 
with a phenol-hypochlorite reagent (Method 31-107-06-1-I). Nitrate (NO3
-) and nitrite 
(NO2
-) were measured combined from absorbance at 254 nm following photo-
conversion by UV-light (Method 31-107-04-3-A). Total nitrogen (TN) was measured 
using the same method but following an additional alkaline persulphate/UV digestion 




-) was then deducted from TN concentrations to provide an estimate of 
dissolved organic nitrogen (DON; Fellman et al., 2010). Soluble reactive phosphorus 
(SRP, or PO4
3-) was determined following reaction with ammonium molybdate and 
antimony potassium tartate in acidic conditions and measurement of absorbance at 880 
nm by the blue molybdate complex formed (Method 31-115-01-1-I). LoDs (µM) and 
precision (% RSD) have previously been reported by Hawkings (2015) as: 0.6 µM and 
±15.7% (NH4
+); 1.4 µM and ±11.3% (TN, NO3





3. Deglaciation-induced landscape change affects 
the composition and export of organic matter in 
Chilean Patagonian rivers 
 
This chapter presents the first regional scale assessment of riverine organic matter in 
Chilean Patagonia with specific focus on its sensitivity to landscape changes driven by 
glacier retreat. It uses quantitative and high-resolution composition data to assess how 
freshwater fluxes of organic matter are influenced by landscape factors in contiguous 
river catchments across Chilean Patagonia (42–48°S). The principles of space-for-time 
substitution are used to infer how landscape changes arising from deglaciation might 
alter organic carbon cycling and freshwater biogeochemistry. 
 
This chapter forms the basis of a manuscript in preparation for submission to 
Biogeosciences Discussions under the following reference: 
 
Marshall, M., Kellerman, A., Wadham, J., Pryer, H., Hawkings, J., Beaton, A., Urra, 
A., Robinson, L., Spencer, R. (in prep.) Deglaciation-induced landscape change affects 




I developed the specific aims of this study from those of a larger NERC/CONICYT-
funded research project (Patagonian Icefield Shrinkage impacts on Coastal and fjord 
EcosystemS — PISCES) conceived by J. Wadham and L. Robinson. All authors (except 
R. Spencer) contributed to field sampling. I conducted all analyses, interpreted results 
and wrote the text. A. Kellerman assisted in the analysis of FT-ICR MS samples, with 
R. Spencer providing additional lab support. H. Pryer compiled regional river discharge 
records and led the calculation of catchment land cover properties. J. Hawkings 
produced the discharge record for the Huemules River. J. Wadham provided comments 






Organic matter cycling in freshwater systems is sensitive to landscape change. The 
worldwide retreat of mountain glaciers represents one of the most profound examples 
of such change. Chilean Patagonia is a relatively pristine region and so offers a unique 
landscape to assess the impact of significant rates of glacier retreat on the composition 
and export of organic matter. Biogeochemical data for this region are scarce and this 
study offers the first regional scale assessment of its riverine organic matter. This study 
adopts a space-for-time approach, in which the effects of spatial variations in landscape 
properties on organic matter flux and composition are used to infer the effects of 
ongoing glacier retreat over time. We sampled river water and particulates from 29 river 
catchments spanning gradients in glacier, lake and vegetation cover (42–48°S) during 
the austral summer of 2017. We also sampled from a single highly glaciated site on the 
Huemules River daily for extended periods in summer and winter 2017. All samples 
were measured for organic carbon concentrations and analysed via spectrofluorescence 
and molecular level techniques. Where discharge data were available, catchment yields 
for particulate and dissolved organic carbon were estimated and related to catchment 
properties. Spatial variations in organic matter composition were also correlated with 
catchment properties and data for glacial and non-glacial regimes were compared. We 
found that glaciers drive higher catchment yields for particulate organic matter and 
supply dissolved organic matter rich in protein-like and aliphatic substances. However, 
other sources and sinks across the Chilean Patagonian landscape (e.g. lakes) dampen 
the influence of glaciers. This dampening effect is likely to increase as glaciers retreat, 
making organic matter export more sensitive to non-glacial controls.  
 
3.2. Introduction 
Rivers act as the primary conduit for organic carbon to flow from continents into the 
oceans and are hotspots of carbon cycling (Battin et al., 2008, 2016; Aufdenkampe et 
al., 2011). This flow of organic carbon is vulnerable to processes of landscape change 
which may alter both river discharge and the source of the carbon entering the system 
(Asmala et al., 2016; Zhuang and Yang, 2018). Anthropogenic climate change is 
forcing the worldwide retreat of mountain glaciers (Zemp et al., 2015), which has 
profound effects on the flow and composition of glacier fed rivers (Huss and Hock, 




the global carbon cycle which exert direct and indirect feedbacks on atmospheric carbon 
concentrations (Hood et al., 2015; Wadham et al., 2019). The biodiversity and 
biogeochemical function of glacially fed rivers in the northern hemisphere have been 
attracting increasing academic interest (Hood et al., 2009; Jacobsen et al., 2012). 
However, a global assessment is needed to better understand how glacier retreat will 
affect the role of downstream rivers in the carbon cycle (Milner et al., 2017).  
 
Glaciers play a key role in the long-term storage of organic carbon through a 
combination of active biological processes and passive accumulation on the surface and 
at the bed (Wadham et al., 2008; Cook et al., 2012; Stibal et al., 2012c; Stubbins et al., 
2012; Boyd et al., 2014; Hood et al., 2015). On a global scale, glacial stores of organic 
carbon are modest in size (~6 Pg) but highly sensitive to seasonal melt cycles and rising 
global temperatures (Hood et al., 2015). Reductions in global ice cover could also 
expose significantly larger reactive reserves of organic carbon in subglacial sediments 
(Wadham et al., 2019). Although mountain glaciers contain a small share (<5%) of total 
ice-locked carbon, they account for >40% of global export via meltwater runoff and 
hence have a disproportionate effect on downstream biogeochemistry (Hood et al., 
2015). Accelerated melting will drive larger fluxes of glacial carbon downstream in the 
short term but also result in the eventual depletion of supplies to which mountain river 
ecosystems are uniquely adapted (Milner et al., 2017).  
 
Glaciers are associated with the supply of dilute but highly labile dissolved organic 
matter (DOM), which stimulates aquatic bacterial respiration (Hood et al., 2009; 
Fellman et al., 2010a). The bioavailability of glacial DOM has been attributed to both 
microbial sources of proteinaceous material (Lawson et al., 2014a) and combustion-
derived compounds from atmospheric deposition (Stubbins et al., 2012). In the short 
term, accelerated glacier melting may therefore support more intense microbial 
processing of organic matter in glacially fed rivers (Milner et al., 2017). However, 
freshwater biota and their role in aquatic carbon cycling may be adversely affected by 
the simultaneous release of legacy pollutants, which have accumulated in glacial ice 
since the start of the industrial era (Legrand et al., 2007; McConnell et al., 2007; Wang 
et al., 2008; Gabrieli et al., 2010). The distribution of these chemicals within glaciers is 
not well constrained, which makes it difficult to predict whether ongoing melting will 




supply of materials released by enhanced glacier melting could either enhance or hinder 
microbial activity in rivers, it is difficult to predict the impact on downstream 
biodiversity and biogeochemistry (Milner et al., 2017). Whilst particulate organic 
carbon (POC) comprises the bulk of organic matter export from glaciers, its 
biogeochemical reactivity has rarely been investigated (Lawson et al., 2014a). As a 
result, the impact of changes in POC supply linked to dwindling glacier cover are less 
clear.  
 
As glaciers retreat, new sources and sinks for organic matter in expanding proglacial 
zones will exert an increasing influence on organic matter in glacially fed rivers. The 
formation and growth of lakes in glacially eroded basins adds new regulation to 
catchment hydrology (Carrivick and Tweed, 2013, 2016; Loriaux and Casassa, 2013) 
and affects the size and composition of riverine organic matter fluxes (Tranvik et al., 
2009; Evans et al., 2017). Turbid proglacial lakes may act as potential carbon sinks but 
as connectivity with the glacier declines, lakes may also become sites of carbon fixation 
as the freshwater ecosystem evolves in response to changing light and nutrient 
availability (Sommaruga, 2014). Moreover, as part of the long-term evolution of the 
proglacial landscape, new sources of carbon and nutrients become available through 
soil development and vegetation succession (Tscherko et al., 2003; Raffl et al., 2006; 
Cannone et al., 2008). The increased relative importance of soils and vegetation will 
likely lead to more humic, aromatic and higher molecular weight DOM entering rivers. 
These qualities are classically associated with lower bioavailability (Fellman et al., 
2010a) and contrast with the low molecular weight, protein- and aliphatic-rich DOM 
associated with glacial ecosystems (Dubnick et al., 2010; Fellman et al., 2010a; 
Musilova et al., 2017).  
 
Current hypotheses for the biogeochemical impact of glacier retreat in mountain regions 
are focused upon northern hemisphere study sites. Several Greenland outlet glaciers 
(Bhatia et al., 2010, 2013; Lawson et al., 2014a), the Gulf of Alaska (Hood et al., 2009; 
Fellman et al., 2010a) and the European Alps (Singer et al., 2012) have attracted most 
attention in the literature, with an increasing effort afforded to the study of Asian 
glaciers and their meltwater streams (Spencer et al., 2014b; Hemingway et al., 2019). 
Chilean Patagonia is a relatively pristine region that contains the greatest concentration 




therefore serves as a unique landscape in which to test the effects of variable glacier 
cover on riverine biogeochemistry. The region is experiencing rapid rates of glacier 
retreat and associated landscape change (Foresta et al., 2018; Wilson et al., 2018) but 
there are very little available data from which to assess the biogeochemical impacts.  
 
Here, we present the first regional scale geochemical assessment of particulate and 
dissolved organic matter in Chilean Patagonian rivers. We use space-for-time 
substitution to relate trends in organic matter export and composition to spatial 
variations in landscape properties as a proxy for the effects of ongoing glacier retreat. 
Specifically, we focus our analysis on the variable influences of glaciers, lakes and 
vegetation cover as three principal aspects of landscape change linked to deglaciation. 
We supplement this with time series observations in a heavily glaciated catchment to 
infer the effects of enhanced meltwater generation from seasonal cycles in discharge 
and organic matter fluxes. Whilst we consider only a broad sweep of variables linked 
to landscape change, this study serves as a baseline for future investigations into the 
long-term biogeochemical impacts of glacier retreat in this region. 
 
The specific aims of the study are to: 
1. Quantify the export and yields of organic matter (dissolved and particulate) from 
Chilean Patagonian river basins and relate these to the degree of glacial influence 
(as measured by glacier cover as a percentage of total basin area and, discretely, by 
existence of a ‘glacial’ hydrological regime where peak discharge coincides with 
summertime ice melt). 
2. Use spatial and temporal data to assess the influence of glacial meltwaters on 
riverine DOM composition.  
3. Examine the relationships between river basin properties and DOM composition to 
understand the effect of deglaciation on regional organic matter export. 
 
3.3. Methods 
3.3.1. Study region 
Chilean Patagonia is a relatively pristine environment, with limited industry and a 
sparse human population, and it is sensitive to the effects of climate change. Its 





Figure 3.1. Basemap showing location of study river catchments with respect to glacial cover, 
freshwater lakes and vegetation cover. Catchment watersheds drawn for areas upstream of 




influenced by present day latitudinal variations in ice cover (Figure 3.1). South of 
~46°S, rivers predominantly follow ‘glacial’ regimes whereby peak discharge is driven 
by ice melt in summer. The Northern and Southern Patagonian Icefields (NPI, SPI) 
dominate the landscape here and accelerated melting (Glasser et al., 2011; Willis et al., 
2012b, 2012a; Jaber, 2016; Foresta et al., 2018) may be increasing river flows in 
summer (Dussaillant et al., 2012). East-west oriented basins south of 46°S, such as the 
Chacabuco River (a tributary of the Baker), have lower glacier cover and river discharge 
responds more strongly to rainfall events (Dussaillant et al., 2012). North of 46°S, peak 
river discharge is mostly driven by a combination of springtime snowmelt (nival 
regime) and winter rainfall (pluvial regime). However, river flows in the Aysen basin 
(45–46°S) are sensitive to a long-term decline in seasonal snow cover (Calvete and 
Sobarzo, 2011; Pérez et al., 2018). And more generally, river discharges may be falling 
in response to a shift in the westerly winds and a decline in overall rainfall (Garreaud et 
al., 2013; Garreaud, 2018; Aguayo et al., 2019). 
 
Freshwater lakes are a key feature of the landscape, occupying numerous over-deepened 
glacial basins across the region. These lakes vary in size by several orders of magnitude 
(105–1011 m3), with the biggest, Lake General Carrera, among the largest freshwater 
bodies in South America (Messager et al., 2016). They extend catchment water 
residence times and regulate river flows across the region. New lakes that are forming 
through glacier retreat exert an increasing influence over river hydrology in rapidly 
deglaciating catchments (Loriaux and Casassa, 2013; Wilson et al., 2018). 
 
Patterns in vegetation cover follow a zonal precipitation gradient as well as changes in 
temperature and growing season length across latitudes and altitudes (Abarzúa et al., 
2004). Dense forest cover along the coast and in more northerly catchments is sustained 
by a hyper-humid climate (rainfall 1–7 m a-1) driven by intense orographic uplift of 
Pacific air masses over the Andes (Kerr and Sugden, 1994; Pantoja et al., 2011; Lenaerts 
et al., 2014). These conditions favour broadleaf evergreen species of the Nothofagus 
genus (Armesto et al., 1992; Srur et al., 2018), which dominates the forest cover across 
the entire study region. Smaller shrubs and herbaceous plants are favoured further east 
by the drier conditions in the lee of the Andes and further south by the reduced growing 
season length (Vandekerkhove et al., 2016). Very sparse vegetation cover exists on the 




Most of the region west of 72°W is underlain by granitic batholith which runs along the 
spine of the Patagonian Andes (Pankhurst et al., 1999). East of 72°W, Mesozoic and 
Cenozoic volcanic rocks are the dominant lithology (Vandekerkhove et al., 2016). In 
between these two major rock types, Palaeozoic metamorphic complexes underly much 
of the terrain south of 46°S in the Baker, del Salto, Nadis, del Paso and Bravo 
catchments (Vandekerkhove et al., 2016). Several volcanoes punctuate the Andean 
peaks north of 46°S but most lie outside the study catchments (Vandekerkhove et al., 
2016). Eruptions from the Hudson volcano near the head of the Ibanez river account for 
a high proportion of quaternary volcanic and pyrogenic deposits (31% of total area, 
versus 9% average for all basins) in this catchment (Weller et al., 2014). 
 
3.3.2. Sampling 
During the austral summer (7 Jan–23 Feb 2017), we sampled river water and 
particulates from 29 catchments spanning gradients in glacier, lake and vegetation 
cover, which characterise the Chilean Patagonian landscape between 42–48°S (Figure 
3.1). Data from spot samples are limited to single points in space and time but, 
collectively, the dataset enables spatial variations in riverine organic matter to be related 
to landscape level controls. Moreover, summertime sampling helps to assess conditions 
in the rivers when glacial meltwater contributions are at their strongest. We argue that 
the overall trends across our study catchments provide insight into the impact of 
deglaciation-induced landscape change on organic matter in regional rivers.  
 
Additional time series data from the Huemules River capture seasonal variations in river 
discharge and organic matter in a highly glaciated catchment. These observations help 
to constrain the impact of changing meltwater inputs in a glacial end-member system 
and provide context for data from other glacial rivers along the latitudinal transect. Time 
series data were collected during extended field campaigns over the austral summer (11 
Jan–26 Feb) and winter (14–29 Jul) of 2017.  A continuous annual discharge record was 
derived from sensor data (see Section 3.3.4.2). Manual sampling of water/particulates 
took place at a site ~100 m downstream of the proglacial lake where the waters were 
considered well mixed. Samples were collected daily for dissolved organic carbon 
(DOC) and fluorescence determination, and every 2–3 days for POC measurement. No 




3.3.3. Sample analysis 
3.3.3.1. Organic matter concentrations 
Samples for DOC determination were filtered in the field to 0.45 µm (Whatman® 
Puradisc AQUA) and stored frozen prior to analysis. DOC concentrations were 
measured as non-purgeable organic carbon through high temperature combustion 
(680°C) on a Shimadzu TOC-LCHN analyser. Instrument calibration (r
2 >0.999) was 
based on measurement of a certified potassium hydrogen phthalate stock (1000 
± 10 mg L-1; Sigma Aldrich) gravimetrically diluted to a range of concentrations (0.05–
4.93 mg L-1). All sample measurements were significantly higher (>0.105 mg L-1) than 
the limit of quantitation (0.044 mg L-1) calculated as the mean blank concentration plus 
5 times the standard deviation on the lowest concentration standard (Armbruster and 
Pry, 2008). Repeat measurement of intermediate concentration standards (0.10, 0.50 
and 1.00 mg L-1) typically varied by <5% and standard deviation on triplicate 
measurements was typically <2%.   
 
POC concentrations were determined for sediments retained from large volume samples 
(1–3 L) on pre-combusted (450°C, 5 hours) GF/Fs which had been frozen. Sediments 
were analysed directly on filters through high temperature (1000°C) catalytic 
combustion on a Thermo Electron Flash Elemental Analyser 1110. Samples were first 
acidified with HCl to remove any inorganic carbon content (Hedges and Stern, 1984) 
and measurements were blank-corrected for the mass and organic carbon content of the 
filter material (mass = 6.36 ± 0.04 mg, OC = 0.02 ± 0.01%, n=10). Repeat measurement 
of a reference standard (total carbon = 2.29 ± 0.07%) showed that instrument precision 
was <±5%. Final POC concentrations were calculated by multiplying the measured 
percentage OC content with suspended sediment concentrations (SSCs), which were 
measured separately as the mass of dry sediment retained on pre-weighed filters from a 
known volume of water (~300 ml). Overall uncertainties on final POC values were 
quantified through propagation of experimental/measurement errors and were typically 






3.3.3.2. Dissolved organic matter composition 
DOM composition is assessed via spectrofluorescence and ultrahigh resolution mass 
spectrometry (FT-ICR MS). 
 
Spectrofluorescence scans were conducted for filtered samples (0.45 µm; Whatman® 
Puradisc AQUA) on an Agilent Cary Eclipse Fluorescence Spectrophotometer with a 
xenon flash bulb. Excitation-emission matrices (EEMs) were collected through a 
10 mm quartz cuvette over excitation wavelengths 240–450 nm (5 nm increments) and 
emission wavelengths 300–600 nm (2 nm increments) using 5 nm monochromator slit 
widths and 0.1 second integrations. Instrumental biases, Raman/Rayleigh scatter and 
blank signals were removed from all sample EEMs following established procedures 
before further analysis (Stedmon and Bro, 2008; Murphy et al., 2013).  
 
Molecular level analysis was performed for large volume samples (1 L) from 28 rivers 
(we were unable to collect such a sample from the Rio Grande) filtered through pre-
combusted GF/Fs (450°C for 5 hours; 0.7 µm pore size) and acidified to pH ~2 with 
HCl. DOM was solid phase extracted (SPE) through non-selective 200 mg Varian Bond 
Elut PPL cartridges (Dittmar et al., 2008) and reconstituted in methanol to obtain a 
consistent target concentration (~40 µg C ml-1) for all samples. SPE-DOM was ionized 
via an electro-spray rig (2.6–3.2 kV; flow rate 600 nl min-1) and analysed on a 21 Tesla 
FT-ICR mass spectrometer with 22 cm ICR bore cylinder at the National High Magnetic 
Field Laboratory (NHMFL), USA (Smith et al., 2018). Mass spectra were generated 
from 100 coadded scans and calibrated against known m/z values for 3 overlapping 
Kendrick series which spanned the full mass range (Predator software, NHMFL).  
 
Formulae were assigned within the combination range C1–45H1–92N0–4O1–25S0–2 for all 
peaks with mass calibration errors <500 ppb and intensities at least 6 times greater than 
the RMSE of the baseline signal (PetroOrg software, Florida State University). 
Molecular formulae were categorised into compound classes following the approach of 
Kellerman et al. (2018) based on values of the modified aromaticity index (AImod; Koch 
and Dittmar, 2006) and elemental stoichiometries. The compound categories are as 
follows: condensed aromatics (CA; AImod > 0.66); polyphenolics (PP; 0.66 ≥ AImod 
> 0.5); highly unsaturated and phenolic (HUP; AImod ≤ 0.5; H/C < 1.5); aliphatic (2 ≥ 




Further subdivisions include O-poor and O-rich categories (O/C <0.5 and O/C >0.5 
respectively) for CAs, PPs, HUPs and aliphatics. 
 
3.3.4. Catchment properties 
3.3.4.1. Catchment boundaries and landscape cover 
River catchment areas and landscape covers were calculated in QGIS software (QGIS 
Development Team, 2019). Catchment boundaries upstream of sampling locations were 
defined from a high resolution digital elevation model (DEM) developed from the 
Shuttle Radar Topography Mission database (Farr et al., 2007). The Whitebox-GAT 
geospatial processing package (Lindsay, 2016) was used to simulate river networks, 
which accurately mapped onto actual channel configurations thus validating the DEM-
defined catchments. Mean catchment slope was then calculated from the DEM.  
 
Landscape covers were extracted from superimposed datasets. Glacial cover, as a 
percentage of total catchment area, was measured from glacier areas reported in the 
Randolph Glacier Inventory (RGI Consortium, 2017). Total lake area and volume were 
calculated for each catchment from the HydroLAKES database (Messager et al., 2016) 
and wetland cover was extracted from the SWAMP raster (Gumbricht et al., 2019). The 
percentage area of each river basin covered by different vegetation types (falling into 
broad categories including 5 different types of forest, 5 different combinations of 
shrubland, herbaceous and sparsely vegetated areas, and 3 agricultural categories) was 
calculated from the National Mapping Organization’s Global Land Cover raster 
(Tateishi et al., 2011, 2014). The underlying catchment geology was determined from 
a high resolution lithological map (Hartmann and Moosdorf, 2012). 
 
3.3.4.2. Catchment hydrology 
Hydrological data were used to define river regimes and calculate organic matter fluxes 
and yields. These data were compiled from the following: 
 
• The first continuous annual discharge record for the Huemules (I) catchment 
derived from field data and a stage-discharge rating curve, following established 
methods (Bartholomew et al., 2011; Hawkings et al., 2015). River stage was 




pressure transducer mounted on bedrock at a fixed location on the bank. Stage data 
were calibrated against manual discharge measurements from 14 Rhodamine B dye 
injection traces performed over a range of river levels during the 2017 field seasons. 
A polynomial regression provided a strong calibration (r2=0.97) with an overall 
uncertainty of ± 8.8% (RMSE) on discharge data. Meteorological data from the 
nearest weather station in Tortel (30 km away) were obtained from the Chilean 
Water Authority (Dirección General de Aguas, 2019) to provide context for 
discharge variations in the Huemules River. 
 
• Multiannual discharge records from the Chilean Water Authority (Dirección 
General de Aguas, 2019). These records were of varying length (up to 25 years) 
and completeness and available only for 18 gauged rivers of the study region. We 
used only those records which contained at least one complete annual discharge 
cycle since 2010 to ensure that our analyses were based on relatively recent 
conditions within each river system.   
 
• Where complete annual hydrographs were unavailable, mean annual discharge 
values were obtained from the literature for the Yelcho and Bravo (Aracena et al., 
2011) and Chacabuco and del Salto (Dussaillant et al., 2012) rivers. 
 
3.3.4.2.1. River regime classification 
To aid interpretation of trends in organic matter export and composition across study 
catchments, river regimes were classified based on the timing of peak annual discharge 
through inspection of annual hydrographs (where available). In ‘glacial’ rivers peak 
discharge occurs in summer (Dec–Mar) due to maximum ice melt, in ‘nival’ rivers it is 
driven by snowmelt in spring (Sep–Nov) and in ‘pluvial’ rivers it coincides with winter 
rainfall (May–Aug). Some rivers reflect multiple regimes and very few could be defined 
as exclusively nival or pluvial. Hence, these two regimes were combined into a single 
category (nival/pluvial) for analytical purposes, allowing more robust comparison of a 
larger group of non-glacial rivers with glacial systems. The Blanco River was one 
system which displayed a combination of nival, pluvial and glacial influences, 
consistent with previous reports (Pérez et al., 2018). We classified the Blanco as a 




hydrograph, usual timing of peak discharge outside of summer and low catchment 
glacier cover (4%). Where annual hydrographs were unavailable, regimes were 
classified based on descriptions in the literature for the Yelcho (Di Prinzio and Pascual, 
2008), Chacabuco and del Salto (Dussaillant et al., 2012), Huinay and Vodudahue rivers 
(Rebolledo et al., 2011). The regimes of the Bravo, del Paso, Nadis and Estero del 
Bosque rivers could not be classified due to a lack of information.  
 
3.3.4.2.2. Flux and yield calculations 
We estimated the annual fluxes and yields of sediment and organic matter from summer 
concentrations for rivers with available discharge data (Equation 3.1–Equation 3.3). 
Yields based on summer conditions in glacial rivers are considered good 
approximations of annual yields since summer meltwaters (Dec–Mar) drive a major 
share (e.g. >50% in Baker River near Tortel) of total annual discharge. We acknowledge 
that summer sampling may underestimate yields for nival/pluvial catchments but argue 
that they help to constrain baseline conditions in neighbouring glacial catchments if 
meltwater inputs were hypothetically cut off. Whilst single point data offer limited 
insight into each river system, our calculations provide useful first order estimates of 
organic matter export across a range of remote study catchments for which 
biogeochemical data are scarce.  
 
Equation 3.1. Annual DOC flux 
DOC flux = Cumulative annual discharge x Mean DOC concentration 
Gg a-1  km3 a-1  mg L-1 
 
Equation 3.2. Annual POC flux 
POC flux = Cumulative annual discharge x Mean SSC x OC content 
Gg a-1  km3 a-1  mg L-1  % 
 
Equation 3.3. Annual catchment yields 
Annual yield = Annual flux ÷ Catchment area x 1000 
Mg km-2 a-1  Gg a-1  km2  unit conversion 
 
We quantified uncertainties on our estimates through the propagation of relative errors 




data and measures of variability on annual discharge. In most cases we used the mean 
(± SE) cumulative annual discharge from multiannual records in our calculations. For 
the Huemules River, we integrated the area under the 2017 annual hydrograph as a more 
reliable measure of the total annual freshwater flux, taking the RMSE on discharge 
values (8.8%) as the overall uncertainty. We were unable to quantify the specific 
uncertainties for rivers where only single reported values of mean annual discharge 
were available in the literature. However, we still calculate fluxes and yields for these 
rivers and treat them as first order estimates. We were unable to calculate annual fluxes 
and yields for five rivers (Huinay, Vodudahue, Estero del Bosque, Nadis and del Paso) 
due to a lack of discharge data. 
 
Alongside annual estimates for the Huemules River, we also calculated instantaneous 
organic matter fluxes for the 2017 field seasons. The average daily DOC flux was 
calculated using DOC concentrations in daily samples and the mean daily discharge. 
POC fluxes were calculated as the product of individual SSCs, mean %OC content 
(which did not vary significantly over the year; 0.09 ± 0.01%) and mean daily discharge 
for days when particulates were collected. We were unable to generate continuous POC 
flux records from continuous turbidity sensor (Campbell Scientific) records due to poor 
calibration against SSCs (r2=0.2), which displayed little variability within each field 
season (summer: 85 ± 12 mg L-1, winter: 53 ± 3 mg L-1). Propagation of errors produces 
an overall uncertainty of <10% on instantaneous DOC fluxes and <20% on POC fluxes. 
 
3.3.4.3. Statistical analyses 
Here we provide details of the main statistical methods used to identify the controls 
over organic matter fluxes and composition. Other supporting statistical tests which aid 
overall interpretation of the dataset are referred to in the Results section. Unless 
otherwise stated, all tests were conducted in R (R Core Team, 2015) and a significant 
result is defined as one with a p-value <0.05.  
 
Mann Whitney tests were used to assess differences in organic matter concentrations, 
yields and bulk FT-ICR MS compound category intensities between rivers of differing 
hydrological regime. These non-parametric tests are suited to the unpaired, non-




Parallel factor (PARAFAC) analysis was performed through the drEEM Toolbox for 
MATLAB (Murphy et al., 2013) to deconvolve variance in DOM fluorescence into 
separate component factors. A 7-component model was developed from 386 EEMs 
using random initializations and non-negative spectral constraints. The dataset included 
all terrestrial samples (from latitudinal transect and time series stations) and additional 
EEMs for Patagonian fjord samples (collected over 2017 and 2018), which helped to 
constrain regional variance in fluorescence signatures. The 7-component model was 
validated using split-half methods, whereby separately modelled combinations of 
randomly split subsets of the larger dataset produced identical results. The model 
explained 98.6% of the total variance and residuals displayed random noise. All 
components had realistic fluorescence spectra and matched other PARAFAC 
components in published models held on the OpenFluor database (Murphy et al., 
2014a). Based on this cross-referencing, three components were defined as terrestrial 
humic-like (C498, C452, C446), another as marine humic-like (C390) and the remaining 
three as protein-like (C304, C328, C354). The model was re-projected onto all sample 
EEMs to obtain component intensity scores and loadings (raw intensity as a percentage 
of the sample total) for use in subsequent analyses. 
 
Spearman correlations between PARAFAC loadings and FT-ICR MS relative 
intensities were used to define molecular fingerprints for each PARAFAC component. 
Similar approaches have been used previously (Herzsprung et al., 2012; Stubbins et al., 
2014). FT-ICR MS data were first subset to include only those 5833 formulae common 
to all 28 river SPE-DOM samples, reducing data volume and the influence of many very 
low intensity peaks. A false discovery rate correction (Benjamini and Hochberg, 1995) 
was applied to minimise the number of Type I errors (false positives) generated by 
40,831 individual correlation tests (7 components x 5833 formulae) and a p-value 
<0.0074 was thus deemed significant at the 95% confidence level. Formulae that were 
significantly and positively correlated with more than one component were assigned to 
the component with which they had a stronger correlation. This mostly affected 
formulae related to humic components and some that were shared between C304 and 
C328. All formulae correlated with C354 were unique.  
 
The same correlative approach was used to identify relationships between FT-ICR MS 




DOC concentrations, broadleaf evergreen forest (BEF) cover, glacial cover, and lake 
volume normalised to the catchment area. Molecular fingerprints of positively and 
negatively correlated formulae were defined following false discovery rate correction 
of 23,332 individual test results (4 variables x 5833 formulae), where a p-value <0.011 
was considered significant with 95% confidence.  
 
Principal Components Analysis (PCA) was used to reduce the complexity of 
multivariate patterns in DOM composition across the study region. The PCA was based 
on PARAFAC loadings and FT-ICR MS compound category and formula class relative 
intensities. All data were standardised to zero mean and unit variance using the 
decostand function (Oksanen et al., 2016). The first two principal components 
accounted for 62.2% of the total variance. A range of environmental variables were 
correlated with the PCA and a significance value computed by permutation using the 
envfit function (Oksanen et al., 2016). These variables included glacial cover, lake 
volume normalised to catchment area, vegetation covers (comprising forests, 
herbaceous plants, shrubs, sparse vegetation), wetland cover and also concentrations of 
DOC and total dissolved solids (TDS) as indicators of bulk riverine chemistry. TDS 
was calculated as the sum of major ions (in river water samples filtered to 0.45 µm; 
Whatman® GD/XP) determined through capillary ion chromatography (Thermo 
Scientific Dionex ICS-5000). It was not possible to test relationships with POC 
concentrations as these were not determined for all 28 samples. 
 
3.4. Results  
3.4.1. Quantifying organic carbon export 
We examine the differences in organic matter concentrations and yields between 
hydrological regimes (Mann Whitney; p-values reported in parentheses) and present 
relationships with key catchment parameters of glacial cover and mean slope (Figure 
3.2). We include suspended sediments (SS) in our analysis for context.  
 
Rivers with glacial regimes have significantly higher SS (p=0.017) and POC (p=0.019) 
concentrations than nival/pluvial rivers but show no overall correlation with catchment 
glacial cover (Figure 3.2a–b). In contrast, DOC concentrations show a significant but 




lower in glacial rivers (p=0.001). Sediment and POC yields are significantly higher in 
catchments with glacial regimes (p=0.001) and both are significantly correlated with 
catchment glacial cover (Figure 3.2d–e). Three glacial rivers (Ibanez, Murta, Baker (II)) 
deviate from a simple linear trend between POC yield and glacial cover, which may 
indicate catchment specific controls. The moderate correlation of sediment yields with 
catchment slope does not extend to POC yields (Figure 3.2g–h). DOC yields are 
unrelated to catchment glacial cover (Figure 3.2f) but show a positive correlation with 




Figure 3.2. Export of suspended sediments (SS) and organic matter (POC and DOC) by rivers in 
Chilean Patagonia. Top row (a-c) shows concentrations versus catchment glacial cover; middle row 
(d-f) shows yields versus annual catchment glacial cover; bottom row (g-i) shows yields versus mean 
catchment slope. Each subplot is annotated with Spearman correlation coefficient (ρ) and p-value 
(or ‘N.S.’ where not significant; p>0.05) for relationship shown. Error bars reflect concentration 
measurement error (± 1 SD) or propagated errors (95% confidence) for fluxes and yields; where 
not visible, errors are smaller than symbols. Fill colour denotes river regime; key in subplot (a).  




At the regional scale, organic matter yields from glacial rivers are directly associated 
with total lake volume in the catchment. POC and DOC yields show significant 
logarithmic declines with increasing lake volume relative to catchment area, with the 
strongest relationships for POC yields (Figure 3.3). The site with the greatest influence 
from lakes (Baker (II)) has a higher POC yield than the overall trend would suggest. 
There are no discernible relationships with lakes for the corresponding yields in 
nival/pluvial catchments.  
 
 
Figure 3.3. Changes in (a) POC and (b) DOC yields in Chilean Patagonian river catchments with 
respect to total lake volume (normalised to catchment area). Symbol colour denotes river regime; 
key in subplot (a). Error bars reflect 95% confidence intervals for yield estimates; where not 
visible, errors are smaller than symbols. Black curves and grey shading indicate logarithmic 
relationship and 95% confidence range for glacial catchments only; curve equation, r2 and p-value 
annotated on each subplot. Subplot (c) shows location of Baker (II) sampling site (satellite image 
source: Google Maps), downstream of (d) the confluence with the Nef River (photo source: National 
Geographic). 
 
Overall, dissolved phases dominate the export of organic matter by Chilean Patagonian 
rivers (Table 3.1). Although glacial regimes are linked with higher particulate loadings, 




Table 3.1. Summary of riverine particulate and dissolved organic matter export in Chilean 



















Catchment POC DOC POC DOC POC DOC POC DOC 
 
CHILEAN PATAGONIA 
      
Northern Patagonian basins          
 Yelcho (NP) 11.4 11.5 0.03 0.56 0.3 6.5 0.03 0.57 5 95 
 Palena (NP) 12.5 27.0 0.02 0.71 0.6 19.1 0.05 1.53 3 97 
 Ventisqueros (G) 0.2 1.1 0.07 0.47 0.1 0.5 0.44 2.87 13 87 
 Cisnes (NP) 3.2 1.3 0.01 1.20 <0.1 1.5 <0.01 0.48 1 99 
            
Aysen basin           
 Maniguales (NP) 4.3 5.0 0.03 1.10 0.1 5.5 0.03 1.27 3 97 
 Simpson (NP) 2.4 1.6 0.10 0.99 0.2 1.5 0.06 0.64 9 91 
 Blanco (G) 3.0 8.7 0.03 0.81 0.3 7.1 0.10 2.37 4 96 
 Aysen (NP) 11.3 17.0 0.01 1.05 0.2 17.9 0.02 1.58 1 99 
            
Baker basin           
 Ibanez (G) 0.9 4.6 0.21 0.31 1.0 1.4 1.06 1.56 40 60 
 Murta (G) 0.3 2.9 0.07 0.44 0.2 1.3 0.57 3.66 14 86 
 Leones (G) 0.8 1.7 0.16 0.35 0.3 0.6 0.33 0.73 31 69 
 Baker – after Nef (G) 16.7 22.1 0.25 0.27 5.6 6.1 0.33 0.36 48 52 
 Chacabuco (NP) 1.5 0.6 0.49 0.39 0.3 0.2 0.20 0.15 56 44 
 Del Salto (NP) 1.0 1.2 0.05 0.38 <0.1 0.5 0.06 0.46 12 88 
 Baker – nr. Tortel (G) 29.1 29.4 0.11 0.64 3.4 18.9 0.12 0.65 15 85 
            
Southern Patagonian basins 
         
 Huemules (G) 0.7 3.8 0.08 0.17 0.3 0.7 0.45 0.97 32 68 
 Bravo (U) 1.1 3.5 0.05 2.26 0.2 8.0 0.15 7.51 2 98 
 Pascua (G) 15.1 22.5 0.14 0.36 3.1 8.2 0.20 0.54 27 73 
            
GLACIATED REGIONS          
 Gulf of Alaska a 75.3 410.0 – 0.32 – 130 – 1.65 – – 
 All mountain glaciers b 726.8 1,500 0.50 0.37 700 580 0.96 0.80 55 45 
 Greenland Ice Sheet c          
 (1)  1,700 251 3.70 0.32 900 80  0.53 0.05 92 8 
 (2)  1,700 348  0.52 0.93 360  130  0.21 0.08 72 28 
 (3) 1,700 559 4.15 1.45 1,520 170 0.89 0.10 90 10 
 (4)  1,700 385 3.50 0.51 1,190 220 0.70 0.13 84 16 
            
ARCTIC RIVERS d           
 Kolyma 650 136 0.90 6.01 123 818 0.19 1.26 13 87 
 Lena 2,460 588 1.38 9.66 814 5,681 0.33 2.31 13 87 
 MacKenzie 1,780 316 2.40 4.36 758 1,377 0.43 0.77 36 64 
 Ob 2,990 427 1.34 9.65 572 4,119 0.19 1.38 12 88 
 Yenisey 2,540 673 0.37 6.90 249 4,645 0.10 1.83 5 95 
 Yukon 830 208 2.59 7.08 539 1,472 0.65 1.77 27 73 
            
WORLD RIVERS e           
 Brahmaputra 580 671 2.54 3.14 1,705 2,105 2.94 3.63 45 55 
 Ganges  1,100 380 4.58 4.60 1,738 1,747 1.58 1.59 50 50 
 Yangtze  1,800 905 4.87 1.92 4,410 1,738 2.45 0.97 72 28 
 Mississippi 3,200 537 1.73 4.20 928 2,257 0.29 0.71 29 71 
 Congo 3,700 1,270 1.57 9.36 1,998 11,889 0.54 3.21 14 86 
 Amazon  6,100 5,390 2.12 5.70 11,407 30,720 1.87 5.04 27 73 
 




Table 3.1. notes 
Label in parentheses after name of each Patagonian river name denotes regime designation as either nival/pluvial (NP), 
glacial (G) or unknown (U). Data are compiled from multiple sources and any missing variables (whether concentrations, 
fluxes or yields) are calculated from available data as described below. 
a. DOC concentration and yield calculated from reported flux, area and discharge estimates (Hood et al., 2009). 
b. Mean annual discharge calculated from reported DOC and POC concentrations and fluxes (Hood et al., 2015); yields 
based on estimate of total area of all mountain glaciers globally (Pfeffer et al., 2014). 
c. Range of yield estimates calculated for Greenland Ice Sheet using total area given by Huybrechts et al. (1991) and: 
(1) Upscaled discharge, concentrations and fluxes from small outlet ‘N’ glacier in 2008 (Bhatia et al., 2013); 
(2) Upscaled discharge (Fettweis et al., 2011) and concentrations/fluxes (Lawson et al., 2014a) from Leverett Glacier 
2009; 
(3) As above but for Leverett Glacier 2010 data from same sources; 
(4) Mean concentrations and total fluxes for whole ice sheet (Hood et al., 2015). 
d. Concentrations and yields calculated from flux data for POC (McClelland et al., 2016) and DOC (Holmes et al., 2012), 
using reported catchment areas and discharges (Stubbins et al., 2015). 
e. Reported catchment areas and POC yields (Galy et al., 2015) and discharge, DOC concentrations/fluxes data (Dai et al., 
2012) used to calculate POC concentrations and fluxes and DOC yields. 
 
 
(Table 3.1). A relatively high POC export loading (40%) from the Ibanez catchment is 
associated with the highest sediment yield (~1200 Mg a-1 km-2), which is more than 
double the next largest sediment yield from the heavily glaciated Huemules catchment 
(~500 Mg a-1 km-2). The largest total POC flux in the region, however, is in the glacial 
Baker River after its confluence with highly turbid discharge from the Nef Glacier, NPI 
(Table 3.1). Approximately 150 km downstream at Tortel, discharge of the Baker 
increases by 33% due to contributions from multiple tributaries but POC fluxes decline 
by 40% and DOC fluxes increase threefold (Table 3.1).  
 
3.4.2. Trends in DOM composition and environmental controls 
A total of 19,208 individual formulae were identified from 28 SPE-DOM samples, with 
5833 (or ~30%) being common to all rivers and accounting for 91.8 ± 2.1% (mean 
± SD) of total sample intensity. The composition of all samples is dominated by HUPs, 
which on average account for 81.9 ± 2.9% of sample relative intensity, with glacial 
rivers encompassing the highest and lowest percentages (78–87%). Polyphenolics are 
the next most dominant group at 11.1 ± 2.5%. Smaller contributions from aliphatics and 
peptides (3.6 ± 1.0% combined), condensed aromatic compounds (2.8 ± 0.9%) and 
sugars (0.6 ± 0.2%) make up the remainder of sample intensities. However, small 
differences in sample composition show that glacial rivers are significantly enriched in 
aliphatics and peptides with respect to nival/pluvial systems and are relatively depleted 
in polyphenolics and condensed aromatics (Figure 3.4a, c–d). In contrast, HUPs do not 





Figure 3.4. Compositional differences between DOM in glacial and nival/pluvial rivers. Subplots 
include boxplots of relative intensities for (a) aliphatic and peptide formulae combined, (b) HUPs, 
(c) polyphenolics and (d) condensed aromatic formulae, all annotated with p-values for Mann 
Whitney tests of difference between regimes.  Subplot (e) shows the results of principal components 
analysis of DOM composition based on FT-ICR MS relative intensities for compound categories 
(see Section 3.3.3.2 for notation), formula class (CHO, CHON, CHONS, CHOS) and PARAFAC 
fluorescence loadings (also see Section 3.3.3.2). Environmental variables (glacier cover, lake 
influence, vegetation covers, DOC and TDS concentrations) fit to the ordination by permutation 





The PCA biplot illustrates differences in DOM composition with respect to correlated 
environmental variables (Figure 3.4e). Overall, the PCA reaffirms that glacial regimes 
are generally associated with higher aliphatic and peptide signatures but also with O-
poor HUPs and protein-like fluorophores C304 and C328. These patterns are also 
significantly correlated with total lake volume relative to catchment size and glacier 
cover. Many nival/pluvial regimes show positive association with condensed aromatic 
and polyphenolic signatures alongside humic-like fluorescence. These characteristics 
are most strongly correlated with higher DOC concentrations and show weaker 
independent correlations with forest cover and wetland area. Other nival/pluvial rivers 
with high PC2 values are distinguished by higher heteroatom (N/S) content and 
correlated with total dissolved solids (Figure 3.4e). However, some catchments with 
different regimes have overlapping traits. For example, the Vodudahue and del Salto 
are nival/pluvial catchments with moderate glacial cover for the region (8% and 13% 
respectively) for which negative PC1 scores denote protein-like, unsaturated and 
aliphatic content (Figure 3.4e). Three rivers of unclassified regime — the Bravo, Nadis 
and del Paso; all of which are neighbouring catchments at ~48°S with similar (~15%) 
glacier cover (Figure 3.1) — are characterised by high DOC concentrations, humic 
fluorescence and correlated with higher wetland covers. 
 
Despite several significant correlations with the ordinations of bulk compositional data, 
only 4 environmental variables are significantly correlated with any individual formulae 
(Figure 3.5; Table 3.2). The largest molecular cluster is correlated with DOC 
concentrations (n=2053; or 35% of all 5833 common formulae). Forest cover itself is 
not significantly correlated with any formulae, but broadleaf evergreen forest (BEF) 
cover, as the dominant forest type across the entire region (88.8 ± 4.4% of total forested 
area), is significantly correlated with 713 formulae (12% of common formulae). Glacial 
cover and lake storage are correlated with 835 (14%) and 568 (10%) formulae, 
respectively. Wetlands, shrub cover and total dissolved solids did not show any 
significant relationships with individual formulae. In total, 3816 (65.4%) of all common 






Figure 3.5. Molecular formulae in DOM from study rivers in Chilean Patagonia that are 
significantly correlated with DOC concentration (a-b), the percentage area of the catchment 
covered by broadleaf evergreen forest (c-d) and glaciers (e-f), and total lake volume normalised to 
the size of the catchment area (g-h). Left-hand column shows formulae in Van Krevelen space, 
where each symbol represents a single formula and the fill colour shows the strength and direction 
of the correlation (Spearman; p-value <0.011 accounts for false discovery rate correction). Right-
hand column shows compound and class (CHO, CHON, CHOS) composition of these molecular 








Table 3.2. FT-ICR MS formulae correlated with environmental variables.   
 
 
DOC BEF glaciers lakes 
 pos neg pos neg pos neg pos neg 
          
Total formulae 1,315 738 352 361 392 415 425 143 
         
Unique formulae 1,065 452 98 34 51 192 92 33 
(as % of group total) 81% 61% 28% 9% 13% 46% 22% 23% 
 (as % of group intensity) 77.7 ± 2.9% 66.6 ± 2.7% 40.6 ± 3.0% 2.7 ± 0.2% 8.8 ± 1.0% 50.4 ± 2.9% 12.8 ± 1.2% 7.9 ± 1.7% 
                          
Intensity-weighted averages                         
mass 
total 501.9 ± 8.8 409.4 ± 5.9 380.2 ± 5.0 479.8 ± 5.3 507.5 ± 5.2 431.4 ± 3.1 421.1 ± 9.0 471.9 ± 1.8 
unique 523.4 ± 7.2 407.0 ± 5.0 341.9 ± 7.0 570.6 ± 4.2 590.4 ± 2.1 429.7 ± 2.6 427.2 ± 11.3 478.3 ± 1.9 
                          
H/C 
total 0.790 ± 0.011 1.286 ± 0.007 0.767 ± 0.014 1.375 ± 0.006 1.360 ± 0.008 0.947 ± 0.009 1.409 ± 0.003 0.866 ± 0.010 
unique 0.797 ± 0.010 1.233 ± 0.004 0.831 ± 0.008 1.339 ± 0.009 1.203 ± 0.006 1.014 ± 0.005 1.408 ± 0.007 1.107 ± 0.008 
                          
O/C 
total 0.639 ± 0.009 0.495 ± 0.005 0.596 ± 0.008 0.508 ± 0.004 0.516 ± 0.004 0.610 ± 0.014 0.462 ± 0.005 0.754 ± 0.011 
unique 0.622 ± 0.008 0.500 ± 0.006 0.567 ± 0.008 0.539 ± 0.004 0.577 ± 0.005 0.603 ± 0.014 0.386 ± 0.007 0.524 ± 0.010 
          
Percentage of shared 
formulae by group 
        
DOC pos   36% 0% 0% 19% 0% 64% 
 neg   0% 43% 37% 0% 53% 0% 
BEF pos 10% 0%   0% 38% 0% 5% 
 neg 0% 21%   71% 0% 44% 0% 
glaciers pos 0% 20% 0% 77%   49% 0% 
 neg 6% 0% 45% 0%   0% 23% 
lakes pos 0% 30% 0% 52% 53% 0%   




Some formulae correlated with environmental variables are unique but many are shared 
(either positively or negatively; Table 3.2) and reflect consistent landscape-level 
influences on DOM at the molecular level. For example, glaciers and BEF cover have  
broadly inverse influences. High glacier cover and low forest cover are linked with 
aliphatic and unsaturated DOM, whilst low glacier cover and high forest cover are both 
linked with aromatic and polyphenolic formulae (Figure 3.5c–f). The overlap between 
those formulae that are correlated positively with glacier cover and negatively with 
DOC concentrations (Figure 3.5a–b, e–f) corroborates the observation that glacial rivers 
contain dilute DOM (Figure 3.2c). However, molecular signatures also indicate distinct 
environmental influences over DOM composition. For example, those formulae 
positively correlated with BEF cover contain many low mass (<400 Da) polyphenolics 
 
Figure 3.6. PARAFAC component loadings for all rivers ranked in ascending order from left to 
right for (a) DOC concentration, (b) broadleaf evergreen forest (BEF) cover, (c) glacial cover and 
(d) total lake volume normalised to catchment area. Humic-like and protein-like fluorescence 
components shown in warm and cool colours, respectively. Coloured circles above each stacked 




and are largely distinct from the higher mass (>500 Da) and many HUP formulae 
associated with higher DOC concentrations (Figure 3.5a–d; Table 3.2). Despite similar 
influences of glaciers and lakes on DOM composition, lakes are linked with a higher 
proportion of aliphatic formulae and lower O/C ratios (Figure 3.5e–h; Table 3.2). We 
note a lack of systematic relationships between these same environmental variables and 
spectrofluorescence signatures, except for DOC concentrations which are positively 
correlated with higher humic-like fluorescence (Spearman >0.74; p<0.001; Figure 3.6). 
 
3.4.3. Molecular characterisation of PARAFAC components 
To enhance the utility of PARAFAC components we present correlations with FT-ICR 
MS data which allow molecular level interpretation of fluorescence signals. We do not 
propose that correlated formulae necessarily contribute to fluorescence but, rather, 
reflect pools of covarying DOM (Herzsprung et al., 2012; Stubbins et al., 2014; Wagner 
et al., 2015). We identify distinct molecular families for 5 of the 7 PARAFAC 
components (Figure 3.7; Table 3.3). Combined, PARAFAC-correlated formulae 
comprise 32.6 ± 5.2% (mean ± SD) of the total FT-ICR MS sample intensity, suggesting 
fluorescence signatures convey information about a substantial portion of total DOM. 
 
Humic-like C498 and C452 are correlated with higher molecular masses, O/C ratios and 
double bond equivalents. The former is associated exclusively with O-rich (O/C >0.5) 
highly unsaturated and phenolic compounds (HUPs), whilst the latter also includes a 
broader pool of compounds comprising O-poor (O/C <0.5) HUPs, polyphenolics and 
condensed aromatics. Formulae correlated with the two other humic-like components 
(not shown), C446 (n=797) and C390 (n=89), were not unique to those groups and were 
more strongly related to C452. As the largest molecular group, the C452 family (n=1454) 
may therefore represent DOM that is associated with humic material more generally.  
 
Protein-like fluorescence is linked with more N- and S-containing formulae and, 
although HUPs are the dominant compound, aliphatic formulae also covary with 
components C328 and C304. The C304 family is dominated by O-poor compounds, which 
distinguishes it from all other groups. In contrast to other protein signals, tryptophan- 
like C354 is strongly linked to N-containing polyphenolics and low H/C ratios. The 





Figure 3.7. Van Krevelen diagrams showing FT-ICR MS formulae linked to individual PARAFAC 
components of fluorescent DOM in Chilean Patagonian rivers. Symbol fill colour denotes formula 
class plotted in the order of the legend in subplot (e). Dashed lines, which are annotated in subplot 
(a), indicate approximate distinctions between compound categories. All subplots are annotated 
with the number of formulae significantly and positively correlated (Spearman; adjusted p-value 





Table 3.3. Molecular properties of FT-ICR MS formulae positively correlated with PARAFAC 
components of fluorescent DOM in Chilean Patagonian rivers.†  
  Humic-like Protein-like 
  C498 C452 C328 C304 C354 
       
PARAFAC loading (%) 9.74 ± 4.58 12.39 ± 4.67 16.06 ± 7.74 25.32 ± 15.53 14.00 ± 12.17 
FT-ICR MS intensity (%) 1.17 ± 0.23 19.18 ± 4.88 4.89 ± 1.32 4.45 ± 0.80 2.81 ± 0.42 




























mass 602.33 ± 4.00 554.08 ± 5.12 386.91 ± 4.36 341.94 ± 5.29 382.76 ± 3.92 
C 25.80 ± 0.18 24.83 ± 0.30 17.77 ± 0.20 16.48 ± 0.22 18.24 ± 0.19 
H 28.77 ± 0.17 21.19 ± 0.49 24.19 ± 0.27 19.30 ± 0.19 14.74 ± 0.24 
O 16.55 ± 0.11 14.73 ± 0.19 9.36 ± 0.12 7.74 ± 0.17 9.22 ± 0.09 
N 0.000 ± 0.000 0.010 ± 0.002 0.001 ± 0.000 0.023 ± 0.004 0.17 ± 0.02 
S 0.000 ± 0.000 0.000 ± 0.000 0.016 ± 0.003 0.051 ± 0.005 0.00 ± 0.00 
H/C 1.117 ± 0.002 0.847 ± 0.013 1.363 ± 0.006 1.174 ± 0.010 0.804 ± 0.006 
O/C 0.645 ± 0.001 0.604 ± 0.010 0.528 ± 0.003 0.471 ± 0.006 0.510 ± 0.004 
N/C 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.001 ± 0.000 0.008 ± 0.001 
AImod 0.233 ± 0.001 0.449 ± 0.008 0.152 ± 0.003 0.311 ± 0.004 0.535 ± 0.004 
































CHO 100 ± 0.0 99.03 ± 0.16 98.25 ± 0.27 92.71 ± 0.71 83.28 ± 2.17 
CHON 0.0 ± 0.0 0.97 ± 0.16 0.14 ± 0.02 2.18 ± 0.39 16.43 ± 2.18 
CHOS 0.0 ± 0.0 0.00 ± 0.00 1.62 ± 0.27 5.11 ± 0.46 0.30 ± 0.06 
Aliph. O-rich 0.00 ± 0.00 0.00 ± 0.00 5.65 ± 0.65 1.17 ± 0.25 0.00 ± 0.00 
Aliph. O-poor 0.00 ± 0.00 0.00 ± 0.00 6.04 ± 0.85 4.33 ± 1.20 0.00 ± 0.00 
HUP O-rich 100 ± 0.00 57.59 ± 2.26 68.60 ± 2.07 42.36 ± 2.72 22.79 ± 1.21 
HUP O-poor 0.00 ± 0.00 10.39 ± 1.71 19.72 ± 1.26 51.22 ± 2.35 12.50 ± 1.23 
PP O-rich 0.00 ± 0.00 21.71 ± 2.12 0.00 ± 0.00 0.33 ± 0.08 37.08 ± 1.76 
PP O-poor 0.00 ± 0.00 5.86 ± 0.63 0.00 ± 0.00 0.59 ± 0.13 22.69 ± 0.87 
CA O-rich 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 1.42 ± 0.23 
CA O-poor 0.00 ± 0.00 4.29 ± 0.69 0.00 ± 0.00 0.00 ± 0.00 3.41 ± 0.56 
Sugars 0.00 ± 0.00 0.16 ± 0.05 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
 
† Values are means ± SD across 28 rivers for which there were paired fluorescence and molecular-level FT-ICR MS data.  
Compound category abbreviations: aliphatic (Aliph.), highly unsaturated and phenolic (HUP), polyphenolic (PP) and 
condensed aromatic (CA), all subdivided into O-rich (O/C>0.5) and O-poor (O/C<0.5) formulae. 
 
 
3.4.4. Time series observations in a glaciated catchment 
Time series data from the glacial Huemules River show how seasonal shifts in organic 
matter export may be linked to hydrological dynamics and the varying strength of 
glacial inputs. River discharge is higher in summer (60–383 m3 s-1) than winter (48–
70 m3 s-1) and related to seasonal differences in air temperature as a trigger for ice melt 
(Figure 3.8a–b). Cross-correlations of time series differentials show that fluctuations in 
discharge lag precipitation (coefficient=0.453, p<0.001) and air temperature 





Figure 3.8. Time series observations for the Huemules River below the outflow of Steffen proglacial 
lake in summer and winter 2017 showing: (a) air temperature and rainfall data retrieved from 
nearest DGA meteorological station in Tortel; (b) discharge and organic matter fluxes; (c) POC 
and DOC concentrations and total fluorescence intensity; (d) variations in fluorescent DOM 
composition as measured by PARAFAC model component loadings. 
 
and precipitation explain only a third of total discharge variability (multiple linear 
regression, adjusted R2=0.33, p<0.001). Larger discharge fluctuations in summer 
suggest greater sensitivity when the overall flow is higher (Figure 3.8b). Although 
meteorological data from Tortel (~30 km away) may not fully capture local conditions, 
sub-zero temperatures coincide with a period of observed snow cover in the Huemules 
valley and, more generally, the timing of discharge fluctuations is consistent with broad 




During high flow conditions in summer, daily organic carbon fluxes correlate with 
discharge levels (Pearson 0.91, p<0.001; Figure 3.8b) but not with concentrations, 
which show slight dilution over the season (Figure 3.8c). POC fluxes are relatively 
stable at low flow in winter but DOC flux variations are more strongly correlated with 
concentration (Pearson 0.96, p<0.001) than with discharge (Pearson 0.66, p=0.007). 
DOC is the larger component of organic matter export over the time series but its 
relative contribution to total flux increases from 62 ± 3% in summer to 79 ± 3% in 
winter. This is partly due to lower discharge and POC concentrations in winter. Higher 
DOC concentrations in winter produce daily fluxes that are comparable with those in 
summer for periods when discharge is <200 m3 s-1 (Figure 3.8b). 
 
Fluorescence data show that DOM composition is relatively stable in summer and 
characterised by high protein-like fluorescence across a wide range of flow conditions 
(Figure 3.8d). Variations in PARAFAC component loadings over this period are not 
correlated with discharge fluctuations and deemed random, indicating increased 
flushing of a constant DOM source during high flows. When average discharge drops 
to <60 m3 s-1 in winter, DOM is generally characterised by higher concentrations and 
lower total fluorescence dominated by humic-like C498 (Figure 3.8d). Spikes in protein-
like C304 fluorescence are coincident with those in DOC. The first of these spikes 
coincides with rising temperatures and loss of snow cover whilst the second and third 
occur during a period of rising rainfall. There are no corresponding changes in POC 








This study begins to address how future landscape changes linked to glacier retreat will 
affect the riverine export of organic matter in a region for which biogeochemical data 
are presently scarce. The samples collected for this study cover a large geographic area 
and provide insight into trends in organic matter composition with respect to different 
river regimes and multiple environmental gradients over several degrees of latitude. The 
highly variable glacier cover across this region enables testing of differences between 
glacial and non-glacial regimes, with samples collected in summer when melt rates are 
higher and the contrasts between these regimes are likely to be greater. Thus, the study 
helps to assess the sensitivity of aquatic biogeochemical processes to changing glacial 
influences across this region. We acknowledge that summertime sampling might lead 
to an overestimation of glacial influences on an annual basis but, in the absence of any 
previous comparable data, this dataset provides a useful baseline for any future studies 
of these river systems. 
 
The spot sampling strategy helps to cover a large number of rivers but it is difficult to 
determine how representative samples are of conditions at each site without longer term 
monitoring. We supplement the latitudinal transect data with time series data from one 
site on the Huemules River, our high glacial end-member catchment, to help constrain 
the daily and seasonal variability in organic matter fluxes at that site and provide context 
for other glacially fed rivers. Nevertheless, rivers are considered good integrators of 
upstream catchment processes and therefore samples from each site along the latitudinal 
transect will carry signals relating to multiple organic matter sources and landscape 
controls. Moreover, sampling upstream of settlements and isolated plots of farmland 
helps to minimise any local anthropogenic influences. Thus, our dataset allows us to 
test the influence of multiple environmental gradients on a larger number of rivers 
without risking extrapolation of findings from any one sample which has an uncertain 
representativity. 
 
Overall, the results presented here are consistent with the prevailing view that glaciers 
supply particulate and proteinaceous organic matter to downstream rivers (Dubnick et 
al., 2010; Hood et al., 2015). However, some properties of riverine organic matter in 




reflect influences from additional sources and sinks of DOM and POM in the proglacial 
landscape. We focus our discussion on the degree to which the yields and composition 
of riverine organic matter in Chilean Patagonia (42–48°S) are regulated by glaciers and 
then modulated by two principal features of the proglacial environment which expand 
in response to glacier retreat — lakes and vegetation cover. We also argue that there is 
very limited direct impact from anthropogenic activity in this region, but highlight local 
catchment lithology and subsurface water sources as possible secondary influences on 
riverine organic matter. From the available evidence, we hypothesise the overall effect 
of deglaciation on regional organic matter export and carbon cycling. 
 
3.5.1. Glaciers as regulators of organic matter export 
The enhanced POC yields of rivers under glacial regimes in Chilean Patagonia suggest 
that glacial erosion is a strong influence on POM export. This is consistent with 
observations from Greenland and mountain glaciers of the northern hemisphere 
(Lawson et al., 2014b; Hood et al., 2015). The intensity of glacial erosion may be a 
more powerful driver of POM export from the relatively barren ice-covered regions of 
Chilean Patagonia than other non-glacial processes of erosion in vegetated regions 
(Galy et al., 2015). However, overall lower POC concentrations and yields in this region 
compared to other glacial systems suggest that there are large sinks for POM in 
proglacial zones (see Section 3.5.2.).  
 
It is not possible to determine the origin of POC in glacial rivers from concentration 
data alone. However, we hypothesise that relict vegetation and paleosols overridden 
during past glacial advances (Wadham et al., 2008; Chu, 2014; Kohler et al., 2017), 
such as during the neoglacial re-expansion of the icefields (Rabassa and Clapperton, 
1990), are major sources for this material. The underlying granitic batholith (Pankhurst 
et al., 1999) precludes the erosion of petrogenic carbon as a significant source (Hilton 
et al., 2014). Moreover, particulates flushed from the supraglacial environment (Anesio 
et al., 2010; Cook et al., 2016), and the adsorption of DOC to glacial flour (Saidy et al., 
2013; Sommaruga and Kandolf, 2014) are likely to make only very minor contributions 
to total POC fluxes. Compositional analyses of larger particulate samples would provide 





DOC yields, in contrast, are unrelated to catchment glacier cover and glacial regimes 
(Figure 3.2f). However, the negative correlation between DOC concentrations and 
glacier cover (Figure 3.2c) and association of glacial regimes with higher protein-like 
(C304, C328), aliphatic and peptide content (Figure 3.4), are consistent with glaciers as a 
source of dilute, microbially-derived proteinaceous DOM (Hodson et al., 2008; Anesio 
et al., 2009; Dubnick et al., 2010; Fellman et al., 2010a; Singer et al., 2012; Bhatia et 
al., 2013; Lawson et al., 2014a). Time series data from the Huemules River clearly 
illustrate a link between high protein-like fluorescence and increased melt inputs 
(Figure 3.8), which may reflect conditions in other glacial rivers of the region.  
 
However, the lack of relationship between protein-like loadings and glacier cover on a 
regional basis (Figure 3.6) suggests that multiple sources of proteinaceous material 
across the Chilean Patagonian landscape confound detection of exclusively glacial 
fluorescence signatures. Local sources of humic DOM in glacial catchments may also 
skew regional patterns in fluorescence composition (Figure 3.6). Whilst fluorescing 
compounds might comprise as little as 1% of the total DOM pool in freshwater systems 
(Cory et al., 2011), PARAFAC components are correlated with a much larger fraction 
(32.6 ± 5.2%; mean ± SD) of the molecular intensity of FT-ICR MS spectra in samples 
from this region (Figure 3.7). This is consistent with the findings of previous studies, 
demonstrating that fluorescence signals can provide valuable insight into the sources of 
a much broader pool of covarying and non-fluorescing DOM (Herzsprung et al., 2012; 
Stubbins et al., 2014; Kellerman et al., 2015; Wagner et al., 2015). 
 
A key inference from our dataset is that glaciers may not be a major source of 
atmospherically deposited organic pollutants to Chilean Patagonian rivers. Sulphur-
containing aliphatics have been cited as possible products of incomplete combustion 
(Wozniak et al., 2008), but the positive correlation of such compounds with protein-
like fluorescence (C304, C328; Figure 3.7) in our study suggests a stronger link with 
microbial sources. Moreover, these sources may not have an exclusive link to glaciers 
(Figure 3.4 and Figure 3.6) but instead reflect more widespread biological activity 
across all freshwater systems. The presence of condensed aromatic formulae in glacial 
snow, ice and runoff samples from the northern hemisphere has also been argued to 
indicate the storage and release of anthropogenic combustion products derived from 




2014b). Whilst these compounds are detected in all Patagonian river samples, they are 
more abundant in nival/pluvial systems (Figure 3.4) and hence do not appear linked to 
glacial sources. We note that our correlative approach contextualises the influence of 
glaciers on DOM composition within a suite of environmental controls and, whilst this 
cannot preclude glaciers as a possible source of condensed aromatics, suggests that they 
are not a major source. The lack of association between condensed aromatic formulae 
and glacial influences may be due to the following: 
 
• Anthropogenic (or black) carbon may not be a quantitatively significant source of 
organic matter to Chilean Patagonian glaciers south of 42°S. This sparsely populated 
region is impacted far less from local sources of airborne pollution, such as industry 
or biomass burning, which have been linked to black carbon deposits on glaciers in 
more developed regions of northern (18–41°S) Chile (Rowe et al., 2019). In addition, 
the long-range transport of atmospheric pollutants has a limited impact on air quality 
in southern Chilean Patagonia (Pozo et al., 2004; Bogdal et al., 2013), especially 
when compared to northern hemisphere locations where atmospheric deposition is a 
significant source of black carbon to glaciers (Stubbins et al., 2012; Li et al., 2016).  
 
• Possible preferential removal of condensed aromatics from glacial DOM via 
photodegradation (Stubbins et al., 2010) and biological consumption (Mostovaya et 
al., 2017) on glacier surfaces and within proglacial lakes.  
 
• Non-pyrogenic condensed aromatics may be more significant sources, especially in 
less heavily glaciated catchments. DOM leached from soils could be a major source 
of condensed aromatics especially where there is dense vegetation cover (Ohno et 
al., 2010). Greater light penetration in less turbid (non-glacial) rivers may also 
produce condensed aromatics via the photodegradation of plant-derived lignins 
(Chen et al., 2014; Waggoner et al., 2015). 
We cannot rule out the storage and release of anthropogenic carbon from glaciers in 
Chilean Patagonia (42–48°S) but our data suggest that this is not a major source of the 
condensed aromatic compounds in riverine DOM. This region is unlikely to completely 
escape the long-range transport of atmospheric pollution (Grannas et al., 2006; Antony 




aerosols at a remote location of the wider Aysen catchment (Scipioni et al., 2012). 
Whilst the prevailing south-westerlies (Lenaerts et al., 2014) are likely to be rich in 
organic aerosols from marine sources (blue carbon), even South Pacific air masses may 
be contaminated with anthropogenic black carbon (Shank et al., 2012). However, it is 
not clear how far Patagonian glaciers preserve any carbon deposits  derived from long-
range atmospheric transport (natural or anthropogenic, black or blue) and, less still, how 
far black carbon deposits might enhance glacial melting and carbon export (Hodson, 
2014; Molina et al., 2015). Future studies should assess the composition of atmospheric 
organic matter (aerosols) in this region via the direct analysis of rain and snow samples. 
This could help to confirm the presence/absence of condensed aromatic compounds in 
glacial ice, alongside other black and blue carbon sources, and allow for more accurate 
tracing through the downstream hydrological network using detailed molecular and 
isotopic techniques.  
 
3.5.2. Proglacial modulators of organic matter export 
As glaciers retreat, expanding proglacial zones and lakes will have an increased 
influence over riverine organic matter. Here we consider the effects of lakes and 
vegetation, as two critical landscape variables which respond to long-term deglaciation, 
on regional organic matter export. 
 
3.5.2.1. Lakes 
Lakes are becoming increasingly important sources and sinks of organic matter in 
Chilean Patagonia as they grow in number and size as glaciers retreat (Loriaux and 
Casassa, 2013; Wilson et al., 2018). The negative relationship between POC yields and 
lake volume in glacial catchments (Figure 3.3) is consistent with lakes being physical 
and biogeochemical traps for POM (Grossart and Simon, 1998; Tranvik et al., 2009; 
Liermann et al., 2012; Carrivick and Tweed, 2013). The estimated POC yield at the 
Baker (II) site is higher than would be expected from the general trend as a result of the 
turbid Nef River (fed by the Nef Glacier) bringing a new supply of glacial sediments 
downstream of Lake General Carrera (Figure 3.3). The 40% decline in the POC flux 
along the fast-flowing Baker River between the Nef confluence and Tortel (Table 3.1) 
suggests that these particulates are rapidly removed. Therefore, long water residence 




biological consumption (Tranvik et al., 2009). Removal within lakes may explain why 
POC yields in all but one of the Chilean Patagonian glacial catchments are lower than 
the average for all mountain glaciers globally (Table 3.1). The absence of lakes from 
other prominent glacial study sites, such as in Greenland (Bhatia et al., 2013; Lawson 
et al., 2014a), means that these are high end members for glacial POC yields (Hood et 
al., 2015). The lack of relationship between POC yields and lake size in nival/pluvial 
catchments in Chilean Patagonia (Figure 3.3) reflects lower rates of erosion and the 
limited capacity of smaller lakes to act as POC sinks. 
 
The decline in DOC yields with increasing lake volume in glacial catchments (Figure 
3.3) suggests that lakes are also important DOM sinks. The lack of a corresponding 
pattern for nival/pluvial catchments implies that the conditions in glacial lakes favour 
net DOM consumption. High turbidity in glacial lakes limits primary production as a 
source of autochthonous DOM and therefore the consumption of in-washed DOM by 
freshwater bacteria may drive carbon cycling in these lakes (Singer et al., 2012; 
Sommaruga, 2014). Glacial DOM may be a favourable substrate if its link with high 
protein-like fluorescence is indicative of a high lability found elsewhere (Hood et al., 
2009; Dubnick et al., 2010; Fellman et al., 2010a; Lawson et al., 2014a). In contrast, 
any DOM removed in non-glacial lakes may be offset by new production (Sommaruga, 
2014), albeit limited by oligotrophic conditions in freshwater bodies across the region 
(Garcia et al., 2015). Overall, lakes act as biogeochemical sinks for organic matter, and 
effective physical traps for POM, which is consistent with the global role for inland 
water bodies as carbon sinks (Battin et al., 2009; Tranvik et al., 2009; Catalán et al., 
2016; Evans et al., 2017). Moreover, lakes along glacial rivers effectively modulate the 
size and character of organic matter export fluxes from glaciers. 
 
The common geographical distribution of glaciers and lakes (Figure 3.1) makes it 
difficult to disentangle their effects on DOM composition. Both are linked with protein-
like fluorescence, peptide-like, aliphatic and unsaturated compounds (Figure 3.4), 
which are indicative of microbially processed DOM and consistent with the character 
of glacial and lake ecosystems (Hodson et al., 2008; Arora-Williams et al., 2018). The 
higher proportion of aliphatic formulae and lower O/C ratios of formulae uniquely 
associated with lakes could be molecular signatures of fresh autochthonous DOM in 




2014). However, such autochthonous DOM may form only a small fraction of the total 
DOM pool, especially if rapidly cycled, given the accumulation of allochthonous DOM 
(humic-like, aromatic-rich) from vegetated terrain in nival/pluvial systems (Kellerman 
et al., 2015). It was not possible to differentiate the DOM associated with lakes between 
glacial and nival/pluvial catchments, in part due to the reduced statistical power of these 
smaller size subgroups. 
 
Proglacial lakes may also help to stabilise the composition of DOM in glacial rivers at 
times of high melt inputs. This is inferred from the relatively constant fluorescent profile 
of the Huemules River in summer, despite significant variations in discharge linked to 
rainfall patterns (Figure 3.8). When the level of Steffen Glacier’s proglacial lake is 
higher due to strong meltwater inputs, rain events may lead to increased flushing of the 
well-mixed lake waters which are dominated by glacial signals. Reduced outflow from 
the lake in winter leaves riverine DOM composition more sensitive to direct inputs from 
the surrounding land, such as during snowmelt or rainfall events. In other glacial 
systems without proglacial lakes, such as Leverett Glacier in Greenland, a seasonal 
evolution in the composition of exported DOM and POM reflects a growing meltwater 
network accessing different organic matter sources (Kellerman et al., in prep.; Kohler 
et al., 2017). The lake at Steffen Glacier may buffer any seasonal patterns in DOM/POM 
export, although we cannot rule out an established seasonal meltwater network (or a 
permanent one) at the time of sampling. These buffering effects may be broadly 
applicable to most outlet glaciers of the NPI which drain into freshwater lakes (Lopez 
et al., 2010; Loriaux and Casassa, 2013). 
 
3.5.2.2. Vegetation 
As glaciers retreat, soil development and the establishment of increasingly complex 
vegetation covers creates new sources of organic matter over the long term (Tscherko 
et al., 2003; Raffl et al., 2006; Cannone et al., 2008). The association of nival/pluvial 
regimes with higher DOC concentrations (Figure 3.2), humic-like fluorescence, 
polyphenolic and aromatic compounds (Figure 3.4) is consistent with strong inputs from 
vegetated terrain in catchments with low glacier cover. Such sources may also be 
relatively important in the lower reaches of glacial catchments, especially when glacier 




vegetation covers across Chilean Patagonia, and especially in nival/pluvial catchments, 
provides valuable insight into the evolution of riverine DOM in response to 
deglaciation. 
 
The dominance of HUP formulae in all samples, many of which are correlated with 
humic-like fluorescence (Figure 3.7), suggests a ubiquitous influence of vegetation on 
DOM composition irrespective of river regime. In glacial catchments, HUPs comprise 
>80% of total FT-ICR MS sample intensity, suggesting that non-glacial sources of 
DOM can have a significant influence on glacial rivers even in summer when 
meltwaters dominate overall discharge. HUP compounds are not strongly linked to a 
specific vegetation type and reflect the accumulation of a complex mixture of 
substances from numerous vegetation sources (Mostovaya et al., 2017). The structural 
ambiguity of HUPs encompasses a diverse array of plant-derived degradation products 
(Riedel et al., 2016; Mostovaya et al., 2017), including lignins (Lu et al., 2017), tannins 
(Porter, 1992) and phenolic structures which may fluoresce (Weiss, 1943). The O-rich 
HUPs (O/C>0.5) associated with high DOC concentrations and humic-like fluorescence 
(Figure 3.5 and Figure 3.7; Table 3.2) could reflect a source of plant-derived tannins 
which differentiate vegetation inputs from the O-poor HUPs (O/C<0.5) thought linked 
to recent biological activity in aquatic systems (Sleighter and Hatcher, 2008; 
Kujawinski et al., 2009; Landa et al., 2014). These widespread vegetation influences 
may overprint glacial signatures in riverine DOM further downstream, especially as 
glacial inputs decline in the long term. 
 
The dominant vegetation cover in Chilean Patagonia, broadleaf evergreen forest (BEF), 
provides a distinct supply of nitrogen-rich polyphenolics to riverine DOM (Figure 3.5c–
d). All vascular plants are a source of polyphenolic compounds (Riedel et al., 2016; 
Mostovaya et al., 2017) but other forest types, sparse tree cover, herbaceous cover and 
shrublands across this region are not correlated with these or any other formulae. This 
suggests that DOM derived from BEF, as the most abundant forest type, carries a unique 
molecular signature which can be distinguished from the broader range of phenolic and 
aromatic substances that are more generally associated with a range of vegetation types 
from diffuse sources. BEF cover is greatest in catchments north of 46°S (18–56% by 
area) and likely provides a rich source of DOM to the rivers here. Limited BEF cover 




valley), may provide a small but critical source of N-rich polyphenolics, given that 
glaciers are an unlikely source (Figure 3.5e–f). 
 
The striking similarity between molecular signatures associated with BEF cover and 
tryptophan-like (C354) fluorescence (Figure 3.5 and Figure 3.7) suggests that the 
availability of an ostensibly reactive protein may be influenced to some extent by the 
dominant regional vegetation cover. These congruent molecular signatures might reflect 
a common source for tryptophan and polyphenolics via the bacterial decay of leaf litter 
(Maie et al., 2007; Wickland et al., 2007). Alternatively, they might show a propensity 
for phenolic and polyphenolic structures to bind to proteins (Maie et al., 2006; Aiken, 
2014; Cuss and Guéguen, 2015; Bai et al., 2017). However, the lack of direct correlation 
between BEF cover and C354 fluorescence itself (Figure 3.6) suggests that there could 
be multiple tryptophan sources (and sinks) across the region. For example, the 
summertime-only presence of C354 in the Huemules River could be accounted for by the 
degradation of proteinaceous DOM (Mopper and Schultz, 1993; Stedmon and 
Markager, 2005b, 2005a; Murphy et al., 2008) from glacial ecosystems (Dubnick et al., 
2010). This may be likely given the dominance of glacial meltwater in summer 
discharge and the low BEF cover within the catchment. We cannot entirely discount the 
possibility that tryptophan is also sourced from the vegetated slopes. Longer water 
residence times in Steffen proglacial lake in the winter, due to reduced meltwater 
throughput, could favour tryptophan removal through bacterial consumption. The 
relationship between BEF cover and tryptophan is explored more fully in Chapter 4. 
 
3.5.3. Other influences on organic matter export 
Our dataset highlights catchment lithology as a possible secondary influence over POC 
concentrations and organic matter export. This is consistent with the view that POC 
export from terrestrial systems is controlled by erosion rates and underlying geology 
(Galy et al., 2015; Hilton, 2017; Tan et al., 2017). The Chacabuco River, an east-west 
draining tributary of the Baker River with <1% catchment glacier cover, has the highest 
relative loading of POC in all sampled rivers (56% of total organic carbon export; Table 
3.1). This could be accounted for by high rates of non-glacial erosion of a susceptible 
lithology, with pyroclastic and unconsolidated sediments comprising 46% and 15% of 
the catchment area, respectively (versus 9% average for both rock types across all 29 




3.1) in the Ibanez catchment could be accounted for by a combination of glacial erosion 
and a large area (31% of catchment) of pyroclastic material in Quaternary volcanic 
deposits (Weller et al., 2014). 
 
Subsurface water sources (soils, groundwater) may also be important controls on 
riverine DOM composition in our study catchments. The most concentrated and humic-
rich rivers are associated with a wide range of HUPs, polyphenolic and condensed 
aromatic compounds that are not correlated with the dominant vegetation cover, BEF 
(Figure 3.5 and Figure 3.7; Table 3.2 and Table 3.3). This suggests inputs from other 
widespread organic-rich sources, such as soils (Ohno et al., 2010). Soil DOM may enter 
rivers via gradual seepage and macropore flushing during storms (Jeanneau et al., 2015; 
Denis et al., 2017b), or discharge from wetlands and peat bogs (Junk, 2013). Three 
neighbouring catchments at ~48°S — Nadis, del Paso and Bravo (Figure 3.1) — provide 
evidence that modest wetland cover (4-10% catchment area) may be a significant local 
source of concentrated humic-rich DOM (Figure 3.4), consistent with conventional 
understanding of wetland DOM (Chin et al., 1998; Fellman et al., 2008, 2010a). Such 
inputs could account for humic-like fluorescence loadings being higher than in other 
catchments with comparable glacier cover (14-17%; Figure 3.6c). Chilean Patagonian 
wetlands have not been extensively studied (Clausen et al., 2006; Iturraspe, 2018), but 
their biogeochemical function may be sensitive to hydrological changes linked to 
changes in precipitation (Chimner et al., 2011) and glacier retreat (Polk et al., 2017). 
Wetlands also provide routes for groundwater to resurface (Chimner et al., 2011) but 
the overall contribution of groundwater to the riverine DOM pool is impossible to assess 
due to a lack of data for this region (Valdés-Pineda et al., 2014). Direct sampling of 
soils, wetlands and groundwater is needed to help constrain the relative contributions 
of these subsurface water sources, which may exert an increasing influence over riverine 
DOM as glaciers recede.  
 
However, anthropogenic influences related to agriculture and aquaculture, which have 
severely affected freshwater systems elsewhere in Chilean Patagonia (León-Muñoz et 
al., 2013), have only a limited direct impact on our study region. In northern Chilean 
Patagonia (38–41°S), agricultural runoff and effluent from freshwater salmon farms 
have loaded local rivers with excess nutrients and raised POC and DOC concentrations 




2015; Kamjunke et al., 2017). These same anthropogenic sources also release highly 
reactive microbial-like DOM (rich in nitrogen, peptides, lipids), which could stimulate 
bacterial heterotrophy and lead to greater CO2 outgassing from inland waters (Graeber 
et al., 2012, 2015). In some of these catchments, intensive farming has degraded >50% 
of the land area (León-Muñoz et al., 2013) and freshwater bodies are being increasingly 
exploited for an expanding aquaculture industry (Quiñones et al., 2019).  
 
In contrast, our study catchments (42–48°S) span a sparsely populated (<1 person per 
km2) and near-pristine landscape (Delgado et al., 2013) where towns and villages 
occupy <0.01% of the land area and <0.4% is used for agriculture (Tateishi et al., 2011, 
2014). Despite its regional economic importance, most farmland is fragmented in small 
(<100 ha) plots of cropland and pasture (Delgado et al., 2013). Moreover, there is no 
active freshwater aquaculture in any of our study catchments, with historical operations 
in the Yelcho basin having ceased by 2007 (León-Muñoz et al., 2007) and no new 
licences granted as of 2016 (Quiñones et al., 2019). Thus, organic matter concentrations 
in our study rivers are low in global terms (Table 3.1), and more in line with unpolluted 
rivers (DOC: 0.2–0.4 mg L-1) rather than the developed catchments (DOC: 1.5–
10.8 mg L-1) of northern (38–41°S) Chilean Patagonia (Nimptsch et al., 2015; 
Kamjunke et al., 2017). Sampling upstream of settlements and farmland (where 
possible) should have minimised any local anthropogenic influences on our dataset and 
these would therefore be unlikely to significantly affect the latitudinal-scale trends 
analysed in this study.  
 
3.5.4. Impact of deglaciation on organic matter export and carbon cycling 
Having examined relationships between riverine organic matter and different landscape 
components, we may infer a range of implications for organic matter export and carbon 
cycling as a result of deglaciation-induced landscape change in Chilean Patagonia. 
 
In the short term, enhanced glacier melting might intensify summertime conditions in 
glacial rivers, subject to any modification in the proglacial environment. Stronger inputs 
of POM and dilute, proteinaceous DOM would be typical of glacial systems elsewhere 
but effective sinks and additional sources of organic matter across the Patagonian 
landscape may dampen the magnitude of any changes. Nevertheless, stronger meltwater 




specifically adapted to cold temperatures, high turbidity and low DOC concentrations 
(Brown et al., 2007; Jacobsen and Dangles, 2012; Wilhelm et al., 2013). An abundance 
of protein-like and aliphatic compounds might also stimulate heterotrophic activity 
(Singer et al., 2012; Lawson et al., 2014a; Hemingway et al., 2019). We are unable to 
infer any enhanced release of stored anthropogenic carbon which is thought to subsidise 
reactive organic matter supplies downstream of other glacial systems (Stubbins et al., 
2012; Spencer et al., 2014b). This might reflect a limitation of our correlative approach 
which direct sampling of snow/ice samples would help to address. 
 
In the long term, glacier retreat may lead to less POM and proteinaceous DOM entering 
Patagonian river systems. Catchments with small, isolated mountain-top glaciers may 
be especially vulnerable (Davies and Glasser, 2012), whereas basins fed by the icefields 
may continue to receive seasonal meltwater inputs far into the future given the time 
(>400 years) it would take for them to disappear completely even at present, accelerated 
melt rates (Carrivick et al., 2016; Dussaillant et al., 2018, 2019). Sediment and POC 
yields may be particularly sensitive to the reduced erosive power of diminished glaciers 
(Hallet et al., 1996). Non-glacial drivers of POC erosion may also be mitigated by the 
stabilising effect of low level vegetation growth on deglaciating slopes (Rogers and 
Schumm, 1991). However, lithological controls may support relatively high POC yields 
in some catchments despite dwindling glacier cover. DOC yields will be less directly 
affected by glacier retreat but may be influenced by the legacy of glacial erosion where 
it creates steeper catchments as suggested by the positive correlation between DOC 
yields and mean catchment slope (Figure 3.2). Steeper catchments are thought to 
encourage more rapid transit of waters, allowing more DOM to escape biological 
removal and thus lead to higher DOC yields (Aufdenkampe et al., 2011).  
 
Lakes would exert an increasing influence over organic matter export as they increase 
in number and size across deglaciating catchments (Loriaux and Casassa, 2013; Wilson 
et al., 2018). In the short term, lakes may act as important sinks for glacial organic 
matter, especially POM, thereby dampening some of the effects of enhanced glacier 
melting on riverine organic matter composition (Tranvik et al., 2009; Catalán et al., 
2016; Evans et al., 2017). Microbial ecosystems in these lakes may also be sustained 
by the influx of organic carbon from glaciers (Hood et al., 2015). In the long term, 




to a new role for lakes as sources of autochthonous DOM (Carrivick and Tweed, 2013; 
Sommaruga, 2014). Moreover, reduced meltwater discharge would extend lake flushing 
times which could promote the preferential removal of allochthonous aromatic DOM 
and the persistence of more tightly cycled aliphatic compounds (Kellerman et al., 2015). 
The overall evolution of proglacial lakes may create new sources of protein-like and 
aliphatic compounds to downstream rivers, negating the decline in glacial DOM. Future 
studies should focus on comparing DOM in lakes that are downstream of different 
glaciers at varying stages of retreat to help assess how lake biogeochemical function 
responds to deglaciation.  
 
Long-term declines in glacial runoff would lead to a rise in river DOC concentrations, 
consistent with conventional theory (Milner et al., 2017). DOM in deglaciating 
catchments would drift towards compositions more typical of nival and pluvial systems, 
where residual glacial cover has limited impact on summertime conditions and 
vegetation/soils exert greater control. However, the exact evolution of DOM 
composition would be susceptible to local landscape covers (i.e. wetlands, forests) in 
expanding proglacial zones. Widespread vascular plant cover would maintain an overall 
dominance of HUPs, including lignins and tannins, and humic-like fluorescence. BEF 
cover may enrich river DOM with nitrogen-containing polyphenolics and tryptophan-
like fluorescence but forest expansion in response to glacier retreat, as has been 
observed in the tropical Andes, may be limited across Chilean Patagonia due to a 
regional decline in rainfall linked to a shift in the prevailing westerly winds. Therefore, 
existing vegetation cover in deglaciating catchments may become increasingly 
influential over riverine DOM composition.  
 
Finally, as retreating glaciers exert less control over catchment hydrology, organic 
matter export will be increasingly influenced by stochastic snowmelt and rainfall events 
(Milner et al., 2017). Winter conditions in the Huemules catchment, when glacial melt 
inputs are much reduced, provide evidence for the episodic activation of alternative 
organic matter sources (Figure 3.8). Whilst we cannot ascribe all wintertime spikes in 
DOC concentration and protein-like fluorescence to specific weather events, they are 
suggestive of microbial DOM released via snowmelt (Antony et al., 2017) or mobilised 
from soils during storm events (Maie et al., 2007). Direct sampling and analysis of 




from these sources. Critically, these wintertime spikes are dominated by a single 
protein-like fluorophore (C304) and decoupled from changes in the POC flux (though 
less frequent sampling in winter limits the resolution of POC data) and therefore distinct 
from glacial meltwater inputs in summer. The association of the C304 component with 
many S-containing formulae suggests that these wintertime events in the Huemules 
valley, could provide ephemeral nutrient subsidies to downstream ecosystems.  
 
3.6. Conclusions 
This is the first regional scale study to quantify and characterise riverine organic matter 
export in Chilean Patagonia and highlight its sensitivity to deglaciation. Consistent with 
observations elsewhere, we find that glaciers drive higher catchment POC yields and 
are significant sources of proteinaceous DOM to downstream rivers in summer. In 
contrast to evidence from northern hemisphere glaciers, we do not detect a significant 
supply of anthropogenic carbon entering glacial rivers. This could suggest either 
preferential removal of such compounds or proglacial sources of DOM which overprint 
these signals. Proglacial lakes act as effective sediment traps and carbon sinks in this 
region and continued lake expansion may mitigate any effects of enhanced glacier 
melting on organic matter export. Ongoing deglaciation may drive the long-term 
evolution of proglacial lakes from net sinks for glacial organic matter towards more 
productive ecosystems which could supply fresh organic carbon to downstream 
ecosystems. Significantly depleted glacier cover would ultimately generate less 
meltwater to dilute riverine DOM and concentrations would likely rise — though 
catchment DOC yields may be unaffected due to a corresponding decline in discharge. 
Richer sources of organic matter, such as vegetation and soils in the proglacial 
landscape, would increasingly control the composition of riverine DOM, which will be 
sensitive to local variations in landscape cover. Overall, the composition and export 
patterns of riverine organic matter in rapidly deglaciating catchments would become 
more like those in nival and pluvial catchments, affecting the delivery and character of 





4. Potential vegetation controls on the 
bioavailability of dissolved organic matter in 
deglaciating catchments of Chilean Patagonia 
 
This chapter presents the first assessment of the bioavailability of DOM in rivers in 
Chilean Patagonia (42–45°S). Molecular data from the broader region (42–48°S) inform 
the interpretation of both concentration and fluorescence composition changes over the 
course of 28-day incubations of riverine DOM. Following the investigation of the 
effects of deglaciation in Chapter 3, this chapter proceeds to examine the bioavailability 
of DOM in catchments at a late stage of deglaciation, i.e. where downstream carbon 
cycling may be more heavily influenced by supplies of labile material from non-glacial 
sources. This chapter focuses on a selected sample of river catchments within Chilean 
Patagonia and thereby complements findings from the broader study region examined 
in Chapter 3, albeit with a specific focus on bioavailability.  
 
Results from this chapter may supplement those from Chapter 3 prior to publication and 
were presented in a poster at Goldschmidt 2019 conference under the reference: 
 
Marshall, M., Kellerman, A., Wadham, J., Pryer, H., Hawkings, J., Robinson, L., 
Spencer, R. (2019) Variations in composition and bioavailability of dissolved organic 




I conceived the study with J. Hawkings and A. Kellerman to complement the larger 
NERC/CONICYT-funded PISCES project, led by J. Wadham with support from L. 
Robinson. I conducted all incubation experiments and associated analyses, interpreted 
the data and wrote the text. J. Hawkings collected the field samples and inoculum used 
in the incubations. H. Pryer assisted in calculating catchment properties in QGIS. R. 
Spencer provided additional lab support. A. Kellerman and J. Wadham provided 





The Chilean Patagonian landscape is undergoing extensive and rapid deglaciation but 
understanding of the effects on regional biogeochemistry is hampered by a lack of data. 
There are no previous assessments of the bioavailability of riverine dissolved organic 
matter (DOM) for this region despite growing interest in glaciers as a source of highly 
reactive DOM elsewhere. The forecast reduction in glacier cover across Chilean 
Patagonia necessitates a better understanding of the environmental factors controlling 
DOM bioavailability in catchments with relatively low glacier cover. We use incubation 
experiments to quantify the proportion of bioavailable dissolved organic carbon 
(BDOC) in river water (sampled in February 2018) from seven catchments, spanning a 
range of low to intermediate glacier cover (0–33%), in northern Chilean Patagonia (42–
45°S). We show that BDOC values here (7–23%) are lower than those observed in 
glacial rivers of the northern hemisphere (31–69%) and that variations in BDOC and 
residual glacier cover in our study catchments are not systematically related. We argue 
that lower overall DOM bioavailability in Chilean Patagonia may be related to intrinsic 
molecular properties, which reflect a degree of prior degradation upstream of sampling 
sites and inputs of less reactive material from across the wider catchment. We also use 
spectrofluorescence data to show that bacterial consumption of DOC is associated with 
a decline in tryptophan-like fluorescence over the incubations and that this pattern is 
consistent for all river samples. We infer from the relationship between fluorescence 
and ultrahigh resolution molecular level data (Fourier-transform ion cyclotron 
resonance mass spectrometry) for the broader study region (42–48°S) that tryptophan-
like material is associated with a small pool of formulae (n=197) that is rich in nitrogen-
containing polyphenolics. We argue that this relationship suggests a common source 
via the bacterial decay of vegetation, which may be linked to dense broadleaf evergreen 
forest cover. Overall, this highlights the potential for vegetation to exert a greater 
influence over riverine DOM bioavailability following the long-term retreat of glaciers 
across Chilean Patagonia. 
 
4.2. Introduction 
Dissolved organic matter (DOM) is an important component of the global carbon cycle 
due to its role as a substrate for bacterial respiration and growth in aquatic systems 




each year via respiration, which equates to roughly one quarter of total annual carbon 
fixation by the terrestrial biosphere (Battin et al., 2009). Exact rates of remineralization, 
however, vary between locations and are controlled by differences in DOM composition 
and intrinsic molecular factors which affect its overall reactivity (Kellerman et al., 2015, 
2018; Mostovaya et al., 2017). DOM contains substances from a variety of sources, 
some of which may be relatively reactive and rapidly cycled whilst others may be more 
recalcitrant and persist for longer in natural waters (Kellerman et al., 2015). Tracing the 
exact provenance of DOM is complicated by the compositional diversity of individual 
sources, multiple shared sources for particular compounds and the effects of biological 
and photochemical degradation (Battin et al., 2008; Nebbioso and Piccolo, 2013; Jones 
et al., 2016; Hawkes et al., 2018). Nevertheless, riverine DOM composition and 
reactivity is sensitive to changes in supply which may be triggered by changes in climate 
and landscape properties (Battin et al., 2008; Asmala et al., 2016; Lambert et al., 2017; 
Ward et al., 2017). 
 
Long-term glacier retreat is considered a critical aspect of global environmental change 
(alongside anthropogenic land-use and shifting rainfall patterns), which may have 
profound consequences for the carbon cycle (Zhuang and Yang, 2018). Glaciers have 
attracted much academic interest as a source of highly reactive DOM, and it is thought 
that enhanced melting due to rising global temperatures may stimulate bacterial carbon 
cycling in downstream aquatic systems (Hood et al., 2009; Fellman et al., 2010a; Singer 
et al., 2012; Lawson et al., 2014a). This biogeochemical effect may be particularly 
important where meltwaters reach coastal zones (Hood et al., 2009; Lawson et al., 
2014a), given the potential for bacterial activity to influence overall ecosystem 
productivity in marine environments (Azam et al., 1994). However, processing of 
glacial DOM within mountain river systems may contribute to the net heterotrophy of 
fluvial networks (Battin et al., 2008; Singer et al., 2012), and remove the most reactive 
material before export further downstream (Hemingway et al., 2019). Indeed, the 
assimilation of glacial organic carbon by freshwater foodwebs has been demonstrated 
through isotopic analysis of cell tissues from apex predators in glacial rivers (Fellman 
et al., 2015a). However, the character and bioavailability of DOM from terrestrial 
sources downstream of glaciers, which will have an increasing influence over 
freshwater carbon cycling following long-term glacier retreat (Milner et al., 2017; 




of DOM bioavailability in catchments with relatively low glacier cover could serve as 
a model for future conditions in nearby catchments undergoing deglaciation.  
 
Conceptual models for the biogeochemical impact of glacier retreat have developed 
mostly from studies carried out in the northern hemisphere (Hood et al., 2015; Milner 
et al., 2017). Therefore, the lack of published estimates of DOM bioavailability from 
glaciated regions in the southern hemisphere, for example, limits any global assessment 
of how glacier retreat will affect biogeochemical processes. Chilean Patagonia contains 
the largest concentrations of ice in the southern hemisphere excluding Antarctica 
(Foresta et al., 2018; Millan et al., 2019) and its glaciers are undergoing the most 
globally intense (per unit area) rates of retreat (Jacob et al., 2012; Willis et al., 2012a; 
Willis et al., 2012b; Gardner et al., 2013; Carrivick et al., 2016). Deglaciation is driving 
simultaneous changes in regional hydrology, where the formation and growth of 
proglacial lakes (Wilson et al., 2018) is increasing catchment water residence times and 
providing new sites for freshwater carbon cycling (Tranvik et al., 2009; Catalán et al., 
2016). Moreover, the importance of Patagonian fjords as biological hotspots (Iriarte et 
al., 2014), carbon sinks (Aracena et al., 2011; Smith et al., 2015) and sites of 
commercial fisheries (Niklitschek et al., 2013) necessitates a baseline assessment of 
DOM bioavailability for rivers of the region and potential sensitivities to landscape 
change. 
 
Here we present the first assessment of DOM bioavailability for seven river catchments 
in northern Chilean Patagonia (42–45°S) with a range of low to intermediate glacier 
cover (0–33% by area). We present the results of incubation experiments to determine 
the proportion of bioavailable dissolved organic carbon (BDOC) and compare our 
BDOC measurements to those from other published studies, which offer global context. 
Additionally, we utilise spectrofluorescence data to monitor changes in DOM 
composition over the incubations and identify bioavailable components. The 
relationship between spectrofluorescence and high-resolution molecular level data 
across the broader study region (42–48°S), comprising 28 catchments (as reported on 
in Chapter 3), provides enhanced interpretation of these bioavailable components and 
helps to identify potential sources. We also compare molecular data from our study 
region to those from published studies of glacial DOM to help explain the regional 




The aims of this study are to: 
1. Measure BDOC in Chilean Patagonian rivers and set values in a global 
context. 
2. Relate patterns of bioavailability to regional trends in DOM composition. 
3. Hypothesise the constraints on DOM bioavailability and the sensitivity of 
carbon cycling to ongoing glacier retreat across Chilean Patagonia. 
 
4.3. Methods 
4.3.1. BDOC incubation experiments 
We used incubation experiments to determine the proportion of bioavailable DOC 
(BDOC) in river water samples, defined as the percentage decrease in DOC 
concentrations following the addition of a bacterial inoculum (Hood et al., 2009; 
Fellman et al., 2010; Spencer et al., 2014; Hemingway et al., 2019). For consistency 
with previous studies we adopted the protocol outlined by Fellman et al. (2010). In 
February 2018, river water was sampled from seven catchments (Figure 4.1), filtered in 
the field through 0.2 µm PES filters to remove bacteria and particulates, and frozen 
immediately. Samples were defrosted in the laboratory and incubations were started 
within 1 month of collection, thus minimising the effects of degradation in storage. All 
samples (18 ml) were filtered (0.2 µm PES) into pre-furnaced (450 °C for 5 hours) 
amber glass vials and treated with 2 ml of a regional marine inoculum which was filtered 
to 2.7 µm (GF/D filters) to remove grazers. The inoculum was prepared from Comau 
Fjord water (42.17°S and 72.72°W, 10 m depth, salinity 31.6‰, 05/02/18). The vials 
were sealed with PTFE-lined caps (acid soaked, MQ rinsed) and then incubated in the 
dark at 15°C in triplicate. After 3, 7 and 28 days, a subset of the incubations was 
terminated and re-filtered to 0.2 µm for analysis. Control incubations were conducted 
for each river in triplicate using MQ water in place of an inoculum.  
 
4.3.1.1. Sample analysis 
DOC concentrations were measured as non-purgeable organic carbon through high 
temperature combustion (680°C) using a Shimadzu TOC-LCHN analyser fitted with a 
halogen scrubber. Concentrations were determined from a linear calibration (r2 > 0.999) 




phthalate solution (1000 ± 10 mg L-1; Sigma Aldrich) through gravimetric dilution. The 
limits of instrumental detection and quantitation were calculated as 0.033 mg L-1 and 
0.044 mg L-1, respectively, following the approach of Armbruster and Pry (2008). 
Monitoring of repeat standard measurements of intermediate concentrations (0.10, 0.50 
and 1.00 mg L-1) showed minimal variance over the analytical run (typically <5%). 
 
 
Figure 4.1. Sampling locations for seven rivers in northern Chilean Patagonia used in BDOC 
incubations alongside hydrological networks, glacial cover and vegetation covers. Inset map shows 
location of these catchments (orange box) within the broader study region used in Chapter 3. 
 
4.3.1.2. Spectrofluorescence scans 
All spectrofluorescence scans were conducted on an Agilent Cary Eclipse Fluorescence 
Spectrophotometer equipped with a xenon flash bulb. Excitation-emission matrices 
(EEMs) were collected between excitation wavelengths 240–450 nm (5 nm increments) 
and emission wavelengths 300–600 nm (2 nm increments) at a rate of 1200 nm min–1 




analysed through 10 mm quartz cuvettes, which were stored in 50% HNO3 and 
thoroughly rinsed with MQ and sample water between scans. Daily MQ scans were run 
to monitor instrument performance and procedural cleanliness. Corrections were 
applied to the EEMs using established procedures to remove instrumental bias, Raman 
and Rayleigh scatter and blank signals (Stedmon and Bro, 2008; Murphy et al., 2013). 
We then projected a validated PARAFAC model for DOM composition across the 
broader study region to quantify changes in the intensity of fluorophore components 
(Section 4.3.2.1).  
 
4.3.1.3. Representativeness of incubation experiments 
Despite the limitations associated with this relatively small-scale study, the data 
obtained may still provide a representative and reliable basis for discussion, given the 
following considerations: 
• The low number of samples has a limited statistical power to examine the 
relationship between bioavailability and catchment properties. Nevertheless, the 
scale of our study is in line with other published works with similar aims (Hood 
et al., 2009; Fellman et al., 2010a; Lawson et al., 2014a). 
 
• The low range of glacier cover in our study catchments (0–33%) may limit the 
extent to which these incubations reflect the influence of glaciers on DOM 
bioavailability. Nevertheless, variations in BDOC have been observed over 
similarly low ranges of glacier cover in other regions (Hood et al., 2009; 
Hemingway et al., 2019). Moreover, the low range of glacier cover is 
representative of most study catchments in the broader study region across 
Chilean Patagonia (all are <40% except for the Huemules (II) catchment at 71%). 
Despite low catchment glacier cover, river regimes such as that of the 
Ventisqueros are strongly influenced by glacial meltwater inputs. 
 
• The study catchments in northern Chilean Patagonia are characterised by low 
glacier cover and relatively high forest cover. This selection enables us to identify 
controls over BDOC in catchments at relatively late stage of deglaciation, which 




4.3.2. Contextual DOM data 
The interpretation of BDOC incubation results was informed by the PARAFAC model 
and molecular level data for the broader geographical region (42–48°S) presented in 
Chapter 3.  
 
4.3.2.1. Regional PARAFAC model 
The 7-component PARAFAC model developed for the broader region was projected 
onto the incubation EEMs to quantify changes in fluorescence. The model was built 
from 386 EEMs generated from samples collected in summer and winter from a range 
of terrestrial and marine locations across Chilean Patagonia (Section 2.3.2.3). The 
model was developed from 10 random initializations using the drEEM Toolbox for 
MATLAB (Murphy et al., 2013), specifying non-negative spectral constraints and a 
convergence criterion of 1 x 10-8. The model explained 98.6% of the variance across all 
samples, with model residuals comprising mostly random noise. The model was 
validated through split-half analysis, whereby the full dataset was broken down into 4 
random subsets, which were recombined into 6 data-halves that when modelled 
separately produced identical results (defined by a Tucker’s congruence coefficient 
> 0.95). All components had been identified previously in other published PARAFAC 
models available on the OpenFluor database (Murphy et al., 2014a) and were deemed 
to reflect realistic chemical fluorescence spectra.  
 
4.3.2.2. Molecular level data 
Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS) data from 
the broader region (Section 2.3.3) were used to identify molecular signatures for 
components of the PARAFAC model. This analysis offers additional insight into the 
potential changes in DOM composition over each incubation than can be obtained 
through spectrofluorescence data alone (which only detects actively fluorescing 
components). Molecular signatures for each PARAFAC component were identified as 
those formulae whose variations in relative intensity were positively and significantly 
correlated with variations in PARAFAC component loadings (% of total sample 
fluorescence) across all samples. The FT-ICR MS data were selected to include only 
those peaks common to all 28 river samples (n=5833) from the broader region. Non-




A false discovery rate correction (Benjamini and Hochberg, 1995) was applied to 
minimise the number of Type I (false positive) errors arising from the large number of 
correlations (7 PARAFAC components x 5833 individual formulae = 40831 tests). 
Following correction, a p-value  <0.0074 was deemed significant at the 95% confidence 
interval. All statistical analyses were carried out using R (R Core Team, 2015). 
 
4.3.3. Secondary data 
We compared bulk molecular properties in our riverine DOM samples from Chilean 
Patagonia (n=28) to comparable FT-ICR MS data that are available from other regions 
where glaciers control freshwater DOM. Specifically, we make use of data obtained 
from runoff samples (n=12) collected over the 2010 melt season from the outflow of 
Leverett Glacier, Greenland, as a high glacial end-member comparison site (Lawson et 
al., 2014b). We also use data from glacial river samples (n=55) collected during the 
2014 monsoon season from the Upper Ganges basin, Western Himalayas (Hemingway 
et al., 2019), as a dataset reflecting a range of catchment glacier covers (1–82%), similar 
to that of Chilean Patagonia (0–71%). We acknowledge that the reliability of such inter-
study comparisons may be limited by methodological differences (e.g. in DOM 
extraction efficiency, ionization technique, instrument sensitivity, formulae assignment 
methods). However, the Himalayan data were generated using the same methods as this 






4.4. Results  
4.4.1. BDOC rates 
Measured rates of BDOC range from ~7% for the Yelcho River to ~23% for the Cisnes 
River, which reflect decreases in DOC concentration of 0.038 and 0.165 mg C L-1, 
respectively (Table 4.1). In comparison, all control incubations displayed <2% change 
in DOC over 28 days. The pattern of DOC consumption follows a similar trend across 
all river sample incubations (Figure 4.2a). The greatest reduction in DOC concentration 
is observed over the first timestep (3 days) of the incubation, stabilising thereafter 
(Figure 4.2a). Three rivers with BDOC rates in the upper half of the observed range 
(Huinay, Vodudahue, Cisnes) showed continued declines in DOC concentrations 
between day 3 and day 28, albeit at a reduced rate (Figure 4.2a; Table 4.1).   
 
Table 4.1. Summary of riverine DOC concentrations, BDOC rates and catchment properties for 


















































Sample data        
        
Riverine DOC (mg C/L) 0.350 0.569 0.554 0.382 0.581 0.330 0.731 
BDOC (%) 18.8 16.0 6.8 17.4 14.2 10.8 22.5 
(± 1 S.E.) (4.7) (1.4) (2.7) (2.2) (1.4) (4.6) (0.3) 
Catchment properties        
Total area (km2) 108 911 11,354 133 12,506 176 3,213 
Number of lakes 1 5 64 0 81 3 18 
Total lake volume (x 106 m3) 9 39 33,695 0 17,580 43 114 
Vol. weighted lake residence time (days) 219 998 795 0 2,772 85 166 
Glacier cover (%) 1.2 7.8 2.2 19.8 2.6 32.7 1.1 
Forest cover (%) 56.8 49.2 51.2 15.2 52.9 63.7 43.7 
Broadleaf evergreen forest cover (%) 52.0 41.9 44.1 14.5 46.0 34.4 39.9 







Figure 4.2. DOM incubation results showing (a) the consumption of DOC in Chilean Patagonian 
river samples over 28 days following addition of bacterial inoculum; and (b) measured rates of 
bioavailable dissolved organic carbon (BDOC) from this study compared with those from other 
glaciated regions — Alaska (Hood et al., 2009), Austrian Alps (Singer et al., 2012), Greenland 
(Lawson et al., 2014a; Paulsen et al., 2017), Himalayas (Hemingway et al., 2019) and Tibetan 
Plateau (Spencer et al., 2014). Results of linear regression for all data excluding Chilean Patagonian 
samples are shown by annotated equation, p-value, by solid line (grey shading shows 95% 
confidence envelope). Dashed green box identifies data from Young Sound, Greenland (Paulsen et 
al., 2017), with arrow showing decline in BDOC between samples collected from rivers (filled 
symbols) and fjord freshwater lens (open symbol). Catchment glacier cover for Leverett Glacier, 
Greenland, nominally set at 95% for sampling site approx. 1 km downstream of meltwater portal. 





BDOC rates in this study are near the minimum values reported for other regions where 
rivers are influenced by glacial meltwaters (Figure 4.2b). Within the small sample size 
of this study (n=7), BDOC rates do not vary systematically with catchment glacier cover 
(Figure 4.2b), or with other catchment properties summarised in Table 4.1. Indeed, we 
observed the greatest range in measured BDOC values for catchments with <5% glacier 
cover. 
 
4.4.2. Fluorescence changes 
Total fluorescence intensity declined between 14–60% for all incubations (Table 4.2). 
The pattern of these changes across EEM space is broadly consistent for all sample 
incubations, regardless of differences in the starting compositions of initial river water 
(Figure 4.3). Projected PARAFAC model component scores show that the changes in 
total fluorescence were primarily driven by a reduction in the intensity of the C354 
fluorophore (Table 4.2), which is thought to reflect tryptophan-like fluorescence (Table 
2.5, Section 2.3.2.3). The intensity of protein-like C304 decreased slightly in five of the 
incubations and shows little change in the remaining two (Amarillo, Cisnes). The 
average reduction in absolute intensity of C304 (-0.021 ± 0.018 R.U.) was smaller than 
that for the C354 component (-0.180 ± 0.069 R.U.) by an order of magnitude. Overall, 
the most significant changes occur in the C354 component, with marginal declines in 
C304 and the humic-like C498 (-0.015 ± 0.003 R.U.) components and negligible changes 
for other fluorophores (Table 4.2). 
 
In the initial river water samples, DOC concentrations show a strong positive correlation 
with total fluorescence intensities (Pearson 0.83; p=0.02). However, the changes in 
DOC concentration and fluorescence over the incubations are not significantly 
correlated (Pearson 0.26; p=0.80). The fluorescence intensity of C354 (which displayed 
the greatest reduction in intensity over the incubations) is not correlated with DOC 
concentrations in the initial river waters (Pearson 0.43; p=0.33). Neither is the change 
in C354 fluorescence significantly correlated with the change in DOC concentration 










Table 4.2. Summary of changes in sample fluorescence over the incubation study.  Reported for each river is the total fluorescence in Raman units of the initial river 
water (Ftot), the change in fluorescence in Raman units and as a percentage of initial fluorescence (ΔFtot), and the change in intensity for all components of the regional 
PARAFAC subdivided into broadly humic (ΔFhumic-like) and proteinaceous (ΔFprotein-like) fluorophores.  Numerical subscript in name for each PARAFAC component 
(C) denotes the emission wavelength at which there is maximum fluorescence.  The mean and standard deviation of all measurements across all incubation 
experiments are also provided. 
 Ftot ΔFtot ΔFhumic-like (R.U.) ΔFprotein-like (R.U.) 
River (R.U.) (R.U.) (%) C498 C452 C446 C390 C328 C304 C354 
           
Huinay 0.544 -0.284 -52.2 -0.018 0.006 -0.013 -0.012 0.004 -0.025 -0.226 
Vodudahue 0.620 -0.115 -18.5 -0.017 0.011 0.019 -0.005 0.000 -0.034 -0.089 
Yelcho 0.706 -0.424 -60.0 -0.020 0.000 -0.084 -0.020 0.009 -0.030 -0.278 
Amarillo 0.682 -0.096 -14.0 -0.011 0.008 0.002 0.006 0.021 0.003 -0.124 
Palena 0.698 -0.272 -39.0 -0.014 -0.002 -0.006 -0.015 0.005 -0.043 -0.198 
Ventisqueros 0.587 -0.256 -43.6 -0.015 0.003 0.003 -0.005 0.000 -0.023 -0.220 
Cisnes 0.862 -0.381 -44.2 -0.013 0.005 0.002 0.006 0.021 0.003 -0.124 
           
Mean  0.671 -0.261 -38.8 -0.015 0.004 -0.011 -0.006 -0.009 -0.021 -0.180 










Figure 4.3. Spectrofluorescence EEMs showing the patterns of intensity in initial river waters and the net changes over 28-day incubations for the seven study 
catchments. In all subplots (a-g), left-hand panel shows the absolute fluorescence signal in Raman Units (R.U.) at day 0 and the right-hand panel shows the changes 
in intensity (expressed as a percentage of total fluorescence change) by day 28 (T28–T0), where deeper colours reflect a greater proportion of the total change. Note 




4.4.3. Molecular signatures of fluorescence changes 
Since C354 was shown to be the most important fluorophore driving the decrease in 
fluorescence intensity during our incubations, we focus analysis upon this component 
and its relationship with the detailed molecular composition of DOM as indicated by 
FT-ICR MS. We identified 197 FT-ICR MS molecular formulae that were significantly 
and positively correlated with C354 fluorescence loadings (Figure 4.4b). These formulae 
are a small fraction of the 5833 individual formulae that are common to all river samples 
(n=28) used in the correlations. These formulae do not exhibit a statistically significant  
   
 
Figure 4.4. Molecular composition of DOM associated with C354 (tryptophan-like) fluorophore. (a) 
Fluorescence EEM of C354 component; (b) Van Krevelen diagram of FT-ICR MS-derived formulae 
that are significantly and positively correlated (Spearman; p <0.0074) with C354 loadings. Symbols 
show elemental classifications (CHO, CHON, CHOS) plotted in order of legend; (c) Compound 
category classification of molecular formulae associated with C354 fluorescence; (d) Molecular mass 
distributions of formulae correlated with C354 fluorescence with respect to polyphenolic formulae 
and all formulae common to 28 rivers of broader study region (dashed distribution curves reflect 




relationship with any other PARAFAC component and so are uniquely associated with 
C354 fluorescence. These formulae have an average mass of 401.3 ± 81.7 Da and average 
H/C ratios of 0.80 ± 0.17 and O/C ratios of 0.50 ± 0.11. The average modified 
aromaticity index (AImod) is 0.54 ± 0.15 and the nominal oxidation state of carbon 
(NOSC) is 0.292 ± 0.259. 
 
The molecular signature of C354 is dominated by polyphenolic, and specifically N-
containing polyphenolic, formulae (Figure 4.4c). Of the polyphenolic formulae 
common to all rivers (n=727), 17.5% are significantly correlated with C354. Moreover, 
59% of the N-containing polyphenolic formulae found in all rivers (n=145) are 
significantly correlated with C354. Highly unsaturated and phenolic formulae (HUPs) 
make up the bulk of the remainder of the C354 pool, with a modest proportion (~10%) 
being condensed aromatics (Figure 4.4c). Only one formula is aliphatic, which is one 
of two sulphur-containing formulae (Figure 4.4b). The average mass of formulae 
correlated with C354 (442.4 ± 67.8 Da) is lower than that of the bulk DOM (540.7 
± 161.0 Da) common to all rivers across the broader region (Figure 4.4d). This gives 
C354 a similar mass profile to the N-containing polyphenolic molecules common to all 
rivers (Figure 4.4d).  
 
4.4.4. Inter-regional comparisons of molecular level DOM data 
The inter-regional molecular level comparisons show that in samples from Chilean 
Patagonian rivers, a lower proportion of the detected molecular formulae contain 
nitrogen (Figure 4.5a). Moreover, these formulae comprise an even lower proportion of 
total FT-ICR MS sample intensity than is observed in samples from Greenland and the 
Himalayas (Figure 4.5b). Molecular formulae in samples from Chilean Patagonia and 
the Himalayas on average have a higher mass and aromaticity than those from 
Greenland (Figure 4.5c–d). On both measures, Chilean Patagonia exhibits the highest 
averages. For all measures of DOM composition compared here, the differences 
between samples taken from the three regions are statistically significant (Welch’s t-





Figure 4.5. Boxplots comparing molecular DOM composition (FT-ICR MS) data from Greenland 
(green; Lawson et al., 2014a), the Himalayas (orange; Hemingway et al., 2019) and Chilean 
Patagonia (blue; this study). Plots show (a) number of N-containing formulae (CHON) expressed 
as a percentage of total formulae and (b) relative sample intensity, alongside intensity-weighted 
measures of (c) average molecular mass and (d) the modified aromaticity index. 
 
4.5. Discussion 
4.5.1. Setting BDOC rates in global context 
The overall range of measured BDOC in Chilean Patagonia is lower than that observed 
in studies of glacial DOC (Figure 4.2b). Much of the pioneering work on glacial DOC 
bioavailability was conducted for Alaskan rivers which have a much higher mean 
average (± SD) BDOC of 43.4 ± 14.8% (Hood et al., 2009; Fellman et al., 2010) than 
Patagonian rivers at 15.2 ± 5.2%. The maximum BDOC observed in Chilean Patagonia 
(~23%) from the Cisnes catchment, which has minimal glacial cover (~1%), is in line 
the lowest BDOC in Alaskan non-glacial catchments — the Montana, Peterson and St. 
James rivers (Hood et al., 2009; Fellman et al., 2010). Other BDOC values from this 
study are lower than those from catchments elsewhere with corresponding low to 
intermediate glacier cover (<40%).  
 
Although the DOC concentrations in Chilean Patagonian rivers are more in line with 
those in glacial systems (Hood et al., 2009; Fellman et al., 2010; Bhatia et al., 2013; 
Lawson et al., 2014; Spencer et al., 2014), BDOC values are similar to those observed 
in temperate North American catchments (0–24%), from a relatively pristine and 
densely forested region (Coble et al., 2019). For context, BDOC is typically higher (26–
31%) in temperate catchments that are more heavily influenced by agriculture (Williams 
et al., 2010; Cory and Kaplan, 2012). However, DOC concentrations in Chilean 




the North American catchments (2–30 mg C L-1) in which comparable BDOC rates 
would represent a higher absolute turnover of carbon (Coble et al., 2019). 
 
The lack of a clear systematic relationship between BDOC and catchment glacier cover 
in Chilean Patagonia (Figure 4.2b) suggests that residual glaciers do not exert a 
significant control over the bioavailability of riverine DOM. This is in stark contrast to 
the results of multiple studies, which have demonstrated a consistently positive 
association between BDOC and catchment glacier cover (Figure 4.2b). This applies in 
regions with a similarly low range of catchment glacier cover (<40%) to Chilean 
Patagonia. This positive relationship elsewhere has led to the hypothesis that 
accelerated glacier melting increases the supply of labile DOM to downstream 
ecosystems (Hood et al., 2009; Singer et al., 2012; Lawson et al., 2014; Hemingway et 
al., 2019). It also suggests the remarkable possibility that glaciers in disparate locations 
store and release similar types of organic matter, which are highly reactive and distinct 
from non-glacial material that dominates bulk DOM in freshwater systems (Hemingway 
et al., 2019). The lack of any significant relationship between BDOC and selected key 
catchment properties (Table 4.1) in our dataset means that we cannot ascribe patterns 
in bioavailability to a single explanatory environmental variable.   
 
We argue that prior degradation upstream of sampling sites in Chilean Patagonia is 
likely to be the most important control over BDOC and its relationship with glacial 
coverage. In support of this hypothesis, we note that BDOC values in Young Sound, 
northeast Greenland decline (from 39% to 8% BDOC) with distance from glacial 
sources and continue to do so even within the fjord freshwater lens (Paulsen et al., 
2017). This decline is illustrated by the direction of the arrow on Figure 4.2b. Such 
downstream reductions in BDOC are consistent with the consumption of reactive 
components and increased non-glacial inputs of more recalcitrant and aromatic 
compounds (Hood et al., 2009; Paulsen et al., 2017; Hemingway et al., 2019). Whilst 
we did not sample DOM directly from glacial ice or outflows, the data presented in 
Chapter 3 suggest that Chilean Patagonian glaciers export protein-rich and aliphatic 
material, which is consistent with prevailing understanding of glacial DOM (Lafrenière 
and Sharp, 2006; Barker et al., 2009; Hood et al., 2009; Dubnick et al., 2010; Stubbins 
et al., 2012; Bhatia et al., 2013; Fellman et al., 2014; Lawson et al., 2014a; Spencer et 




influences on BDOC can be observed will be affected by the distance of sampling sites 
from glaciers. This is a limitation of the current study, where for practical reasons our 
sampling locations were either distant from upstream glacial sources or downstream of 
lakes with long residence times. Nevertheless, the samples collected reflect how glacial 
DOM is integrated with material from the wider catchment before export towards the 
marine environment, which has been the major focus of previous glacial BDOC studies 
(Hood et al., 2009). 
 
We consider other factors less likely to account for the lack of an observed relationship 
between BDOC and catchment glacier cover in Chilean Patagonia:   
 
• The spot sampling strategy is vulnerable to random variabilities within individual 
river systems (Mann et al., 2012; Spencer et al., 2015; Coble et al., 2019). This is 
an almost inevitable consequence of practical constraints and the relative 
inaccessibility of study regions, which affects all the above-mentioned studies, 
including this one. However, all studies have focused BDOC analyses in the peak 
melt season when the influence of glaciers on DOM composition will be 
strongest. Therefore, random variability is unlikely to explain the difference in 
BDOC values observed in Chilean Patagonia compared to other regions.   
 
• The comparability of the studies presented in Figure 4.2b may be compromised 
by experimental differences, such as the use of different bacterial inocula. It is 
possible that marine bacteria may be more efficient than freshwater bacteria at 
degrading riverine DOM (Fellman et al., 2010) and so studies utilising a marine 
inocula (Hood et al., 2009) may exhibit higher levels of biodegradation than those 
using a freshwater inocula (Hemingway et al., 2019). However, individual studies 
show broad internal consistency linking higher BDOC with glacier cover; 
inoculum composition may account for differences in BDOC between studies but 
not the overall relationship with glacier cover. Inter-regional cross-fertilization 





4.5.2. Compositional insights into low BDOC 
Intrinsic molecular properties have a major influence over DOM reactivity (Kellerman 
et al., 2015, 2018; Mostovaya et al., 2017) so the relatively low BDOC rates in Chilean 
Patagonia may be explained by inter-regional differences in DOM composition. 
Molecular indicators of bulk DOM from the broader study region in Chilean Patagonia 
suggest that, compared to other regions, it has low nitrogen content, high average mass 
and high aromaticity (Figure 4.5). These qualities are classically thought to hinder 
biological reactivity (Sun et al., 1997; Hopkinson et al., 1998; Fellman et al., 2008). In 
this context, DOM which is relatively enriched in nitrogen, lower in mass and less 
aromatic may offer more favourable substrates to aquatic bacteria, so we would expect 
to see greater consumption of compounds with these relative properties. This is 
consistent with our data which suggest that bioavailability is linked to a relatively small 
component of the DOM pool associated with N-containing compounds (Figure 4.4) but 
not those moieties, like amino acids, that are typically considered labile (Coffin, 1989).  
 
Placing these observations into a wider geochemical context, we note that glacial rivers 
are thought to supply organic and inorganic nitrogen to downstream ecosystems (Hood 
and Scott, 2008; Lawson et al., 2014; Hawkings et al., 2015; Wadham et al., 2016). 
Indeed, the FT-ICR MS data for Leverett Glacier, Greenland, demonstrated how glacial 
meltwaters could provide an important seasonal supply of nitrogen to N-limited fjords 
in the form of N-enriched DOM (Lawson et al., 2014). In contrast, dissolved inorganic 
nitrogen concentrations in Chilean Patagonian rivers are mostly below analytical 
detection (pers. comm., J. Hawkings), consistent with oligotrophic conditions observed 
in freshwater systems in nearby Argentinian Patagonia (Garcia et al., 2015b). This may 
reflect low rates of atmospheric nitrogen deposition across the region (Weathers and 
Likens, 1997; Galloway et al., 2004). The higher nitrogen content of Himalayan DOM 
may be accounted for by high rates of atmospheric deposition (Galloway et al., 2004; 
Li et al., 2016), provided there is a mechanism for its incorporation into organic matter 
(Brookshire et al., 2007). However, N-rich DOM in Greenland is more likely derived 
from microbial sources given that local rates of nitrogen deposition are low in global 
terms (Galloway et al., 2004; Lawson et al., 2014b).   
 
Given the scarcity of nitrogen in Chilean Patagonian rivers, any dissolved nitrogen 




communities may become specially adapted to local DOM compositions (Judd et al., 
2006; Hoostal and Bouzat, 2008; Smith et al., 2018b; D’Andrilli et al., 2019) and 
support a biological mechanism for the release of organic N (Brookshire et al., 2005). 
The analysis presented here is compatible with a role for DOM in aquatic nitrogen 
cycling in both forested river catchments (Brookshire et al., 2005; Fellman et al., 2009) 
and estuarine settings (Kerner and Spitzy, 2001; Badr et al., 2008; Knudsen-Leerbeck 
et al., 2017).   
   
The overall difference in DOM composition may be linked to the influence of upstream 
lakes. As noted in Chapter 3, lakes in Chilean Patagonia may act as important sinks for 
DOM. By contrast, this cannot be a significant influence on DOM in Greenland 
(Lawson et al., 2014) and the Himalayas (Hemingway et al., 2019), with which we 
compare our molecular data, since none of these study catchments contains any 
freshwater lake. We suggest that the presence of lakes creates greater opportunity for 
the removal of reactive DOM components, such as those containing nitrogen, leading 
to the export of less bioavailable DOM. Our incubation data offer some qualitative 
support for this from three sites where lakes have a relatively small influence (Huinay, 
Vodudahue, Cisnes). Whereas samples from these sites lost an additional 5–10% DOC 
between day 7 and day 28, other sites did not show any further decrease in DOC after 
the first week of incubation (Figure 4.2a). For example, DOC loss ceases after the first 
3 days for samples from the Palena and Yelcho catchments, which have similar forest 
and glacial cover to the Huinay, Vodudahue and Cisnes catchments but contain lakes 
that are larger by 2–4 orders of magnitude (Table 4.1). A greater sample size is needed 
to test if this assertion is statistically valid but the overall picture suggests that low 
BDOC might be explained by compositional factors relating to prior processing in 
upstream lakes.  
 
4.5.3. Character and origin of bioavailable DOM components 
Here we consider the specific components of DOM that are consumed during our 
incubations, as inferred from fluorescence scans and molecular-level data for the 
broader region. We discuss how this sheds light on the overall bioavailability of DOM 
in Chilean Patagonia. The reduction in total fluorescence intensity for all incubations is 




greater than corresponding rate of DOC consumption and not correlated with changes 
in concentration (Table 4.1 and Table 4.2). This suggests the preferential consumption 
of optically active DOM, and especially protein-like fluorophores. Such compounds are 
known to comprise a very minor (<1%) but disproportionately reactive fraction of the 
total DOM pool in freshwater systems (Cory et al., 2011; Cory and Kaplan, 2012).  
 
Protein-like fluorophores (characterised by shorter emission wavelengths) underwent 
the greatest reduction in intensity, which is consistent with the prevailing view that such 
compounds are highly labile (Fellman et al., 2010) even in humic-dominated systems 
(Wickland et al., 2007; Fellman et al., 2009). The limited changes in tyrosine-like 
(component C304) fluorescence in some samples might be explained by simultaneous 
consumption and production processes. The largest reduction in intensity across all 
incubations is for component C354, which is representative of tryptophan-like 
fluorescence, previously observed in a variety of aquatic environments including 
freshwater lakes (Osburn et al., 2017), estuarine and marine waters (Wünsch et al., 
2015; Bittar et al., 2016), sea ice and brines (Stedmon et al., 2011; Granskog et al., 
2015) and municipal supplies (Murphy et al., 2011) and attributed to bacterial activity 
(Determann et al., 1998; Cammack et al., 2004).  
 
Our molecular level FT-ICR MS data for the wider region establishes that in Chilean 
Patagonia tryptophan-like (C354) fluorescence is linked with a relatively small pool of 
low molecular weight compounds rich in N-containing polyphenolics. Although this 
molecular family includes some condensed aromatics and HUPs, its overall 
composition is more like the N-containing polyphenolics that are common to all rivers. 
This is illustrated by the mass distributions in Figure 4.4d, which also show a 
discrepancy between the C354 family and both total polyphenolics and bulk DOM. The 
statistical correlations between FT-ICR MS and PARAFAC data do not prove that any 
of the molecules identified contribute directly to C354 fluorescence or its apparent 
bioavailability. However, as observed in other studies (Herzsprung et al., 2012; 
Stubbins et al., 2014; Wagner et al., 2015), fluorescence signatures provide insight into 
a broader and more diverse molecular pool that includes non-fluorescing DOM. 
 
The link we establish between tryptophan and polyphenolic substances is consistent 




degraded vegetation (Maie et al., 2007; Wickland et al., 2007). There are three possible 
justifications for this link.   
 
1. Although the C354 component in our samples is consistent with fluorescence 
signatures commonly ascribed to tryptophan, it may also derive (simultaneously) 
from phenolic groups in lignin or polyphenolic compounds (which are reflective of 
vegetation inputs). The overlap in fluorescence signals may be due to the structural 
similarity of amino acids in proteins and propyl-monomers in lignin phenols (Hernes 
et al., 2009). However, polyphenolics have generally been found to quench 
tryptophan fluorescence elsewhere (Min et al., 2004; Mishra et al., 2005; Labieniec 
and Gabryelak, 2006). 
 
2. Given the propensity for proteins to bind to phenolic and polyphenolic structures 
(Maie et al., 2007; Aiken, 2014; Cuss and Guéguen, 2015), the C354 fluorescence 
signal may be related to tryptophan bound in such supramolecular assemblies. Other 
studies have connected such binding in humic-rich freshwaters with a red-shift in 
fluorescence (Aiken, 2014), which could explain our emission maximum of 354 nm 
that falls at the upper limit of wavelengths observed for tryptophan-like fluorescence. 
Binding might also reduce the accessibility of tryptophan to heterotrophic bacteria 
and thus limit overall bioavailability (Maie et al., 2006; Cory and Kaplan, 2012; Bai 
et al., 2017). Indeed, this has been cited elsewhere to account for a greater 
recalcitrance in bound tryptophan than in other free proteins, such as tyrosine (Cory 
and Kaplan, 2012). Nevertheless, in our Chilean Patagonian samples bound 
tryptophan may still be the most viable carbon source in the absence of more reactive 
substrates. We note that in other humic-rich systems, such as Alaskan soil 
porewaters, bioavailability has been linked to tryptophan fluorescence (Fellman et 
al., 2008). Therefore, the bioavailability of tryptophan in Chilean Patagonian rivers 
may be influenced by a dominant supply of DOM from vegetation sources. 
  
3. The broader pool of N-rich polyphenolic compounds associated with C354 
fluorescence may act as bioavailable substrates. Elsewhere, polyphenolics are 
negatively associated with BDOC (Hemingway et al., 2019) and labile material is 
thought to be rich in aliphatics, peptides and proteins (Dubnick et al., 2010; Singer 




shows that compound reactivity is not linearly related to aromaticity and so plant-
derived polyphenolics may be a viable substrate for heterotrophic respiration in 
aquatic ecosystems (Mostovaya et al., 2017). In environments where aliphatic 
compounds are quickly depleted, such as humic freshwater lakes (Kellerman et al., 
2015), there is greater opportunity for polyphenolics to provide an important source 
of BDOC. Moreover, ongoing degradation processes (e.g. photochemical) might 
break down larger polyphenolic structures and thereby enhance their reactivity 
(Sulzberger and Durisch-Kaiser, 2009). The breakdown of supramolecular 
assemblies is thought to explain the enhanced reactivity of polyphenolics following 
the treatment of natural lake DOM with UV radiation (Mostovaya et al., 2017). 
However, direct testing is needed to assess the susceptibility of DOM in Chilean 
Patagonian rivers to photochemical breakdown and its impact on bioavailability. In 
addition, the bioavailability of phenolic and polyphenolic groups may be facilitated 
by the adaptation of microbial communities to local DOM compositions, e.g. by 
resisting the suppression of enzyme production imposed by some polyphenolic 
substances (Hoostal and Bouzat, 2008). 
On balance, our findings are consistent with a common source for bacterial tryptophan 
and plant-derived polyphenolics in decaying leaf litter (Maie et al., 2007). This supports 
the link we established in Chapter 3 between broadleaf evergreen forest (BEF) cover 
and a greater dominance of nitrogen-containing polyphenolics in riverine DOM. This is 
also consistent with the findings of previous studies which show that leaf decay in 
forests across central and southern Chile is an important regional source of dissolved 
organic nitrogen (Perakis and Hedin, 2002; Pérez et al., 2003). Figure 4.6 shows the 
compound category classifications of 128 formulae that are positively correlated with 
both C354 fluorescence and BEF cover across the broader region. These formulae overall 
comprise a low proportion of relative intensity in FT-ICR MS spectra (1.90 ± 0.21% in 
the 7 incubation sample rivers and 1.72 ± 0.28% across the 28 rivers from the broader 
study region). We also show in Chapter 3 that these types of compounds are negatively 
associated with catchment glacier cover, which is consistent with the idea that 
vegetation cover exerts a stronger control over the composition of riverine DOM where 
glacial influences are reduced (Hood and Scott, 2008; Hood and Berner, 2009; Fellman 
et al., 2010a). It is not, however, possible to determine from our data whether DOM 




assemblies) or a combination of protein and polyphenolic substrates. Moreover, these 
interpretations do not preclude contributions of tryptophan from alternative microbial 
sources (e.g. glaciers), which may interact with a broader pool of plant-derived DOM. 
 
 
Figure 4.6. Compound and class (CHO, CHON) composition of molecular 
formulae shared between C354 and broadleaf evergreen forest families.  
Molecular families defined as those formulae with variations in relative 
intensity that are significantly and positively correlated with the respective 
variables (i.e. the relative fluorescence loading of C354 fluorophore and the 
percentage of the catchment covered by broadleaf evergreen forest). 
 
4.5.4. Insights into carbon cycling processes in Chilean Patagonia 
The potential role of vegetation in controlling the bioavailability of DOM in our 
incubations may be relevant for other catchments in Chilean Patagonia undergoing 
deglaciation (Jacob et al., 2012; Willis et al., 2012a, 2012b; Gardner et al., 2013; 
Carrivick et al., 2016). Our evidence is consistent with the presence of bioavailable 
tryptophan derived from the bacterial decay of vegetation (Maie et al., 2007), and 
specifically material from broadleaf evergreen forest. Moreover, such decay may also 
release phenolic and polyphenolic compounds that either could bind to and control the 
accessibility of tryptophan to bacteria (Maie et al., 2007; Aiken, 2014; Cuss and 
Guéguen, 2015), or might provide a viable substrate for direct consumption (Mostovaya 




influence of catchment vegetation cover on riverine DOM will increase, even if forest 
expansion is limited by climatic factors (Abarzúa et al., 2004; Garreaud et al., 2013; 
Garreaud, 2018; Aguayo et al., 2019). Low levels of forest cover in highly glaciated 
catchments, which may currently provide a key source of polyphenolics, could become 
relatively more important as glaciers retreat. 
 
Since our incubation waters were sampled from a region with relatively low glacier 
cover, it is not surprising that we have detected a possible link between DOM 
bioavailability and vegetation controls, which may override any influence from glacial 
sources. In Chilean Patagonia, glacier retreat is driving to the production and expansion 
of freshwater lakes (Loriaux and Casassa, 2013; Wilson et al., 2018), which act as 
important sites for organic carbon cycling (Tranvik et al., 2009; Evans et al., 2017), 
controlling organic carbon fluxes downstream. If indeed, lakes provide significant sinks 
for organic carbon (Chapter 3), then any highly labile material in glacial meltwaters 
may be preferentially consumed within lakes upstream of sampling sites and before it 
can be exported to the marine environment. The aliphatic molecular signatures 
associated with glacier cover reported in Chapter 3, may reflect a comparatively 
recalcitrant fraction of the aliphatic pool which has escaped processing within rivers 
and lakes. In order to test whether the bioavailability of glacial DOM in Chilean 
Patagonia is more in line with that from other glaciated regions, we would need to 
sample meltwaters directly from glaciers before entering lakes. At our sampling sites, 
decaying vegetation may be the most significant factor in controlling DOM 
bioavailability, overriding other upstream controls (e.g. glaciers). 
 
4.6. Conclusions 
We have shown through incubation experiments that riverine DOM from catchments 
with limited glacier cover (0–33%) in northern Chilean Patagonia is proportionately 
less bioavailable (BDOC 7–23%) than DOM sampled from rivers in glaciated regions 
of the northern hemisphere (BDOC 31–69%). Moreover, BDOC does not increase with 
catchment glacier cover in Chilean Patagonia, contrasting with the results of previous 
studies in other regions which have observed such a relationship across catchments with 
similar glacier cover. It is possible that this lack of relationship and overall low BDOC 




specifically relating to its low nitrogen content, higher average mass and higher 
aromaticity than DOM from other regions. These compositional traits might reflect 
prior removal of the most labile components of DOM upstream of our sampling sites. 
Such prior processing may be facilitated by the presence of lakes, which act as carbon 
sinks and will have an increasing influence on riverine DOM as they grow in number 
and size. We observed consistent patterns of fluorescence change over each incubation 
which suggested that DOM bioavailability in all study rivers was linked to tryptophan-
like material. In turn, tryptophan-like fluorescence was statistically associated with a 
significant proportion of the N-containing polyphenolic formulae found in all rivers 
across the broader region. This association may be explained by a common source, such 
as the bacterial decay of vegetation, which may be closely related to the dominant 
broadleaf evergreen forest cover. These potential influences of vegetation on DOM 
bioavailability will be stronger in the more densely forested catchments of northern 
Chilean Patagonia (42–45°S) but may become increasingly important downstream of 
glaciers, especially as glaciers retreat in the long term, in catchments further south. The 
extent to which N-containing polyphenolics provide viable substrates to aquatic bacteria 
or potentially bind to tryptophan and constrain overall bioavailability is uncertain and 





5. Organic matter composition in a Patagonian 
fjord linked to changing glacier melt inputs 
 
This chapter provides the first molecular-level analysis of DOM in a glaciated fjord. 
Seasonal variations in fjord DOM composition are analysed within the context of 
different extents of glacial meltwater influence and related changes in fjord 
hydrographic structure. The annual balance between riverine inputs of organic matter 
and primary production is also quantified. The seasonal patterns identified are used to 
infer the likely impact of increased glacier melting on DOM composition and 
biogeochemical cycling in the fjord. 
 
This chapter forms the basis of a manuscript in preparation for submission to Frontiers 
in Marine Science under the following reference: 
 
Marshall, M., Kellerman, A., Wadham, J., Hawkings, J., Pryer, H., Beaton, A., 
Spencer, R. (in prep.) Organic matter composition in a Patagonian fjord linked to 
changing glacier melt inputs. Frontiers in Marine Science. 
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Biogeochemical processes in glaciated fjords are sensitive to changes in glacier melt 
inputs and surrounding ice cover. Glacial meltwater is often rich in highly labile 
dissolved organic matter (DOM) which is hypothesised to stimulate heterotrophic 
activity of marine bacteria, but it is not clear how far this contributes to DOM 
composition and cycling in downstream fjords. To date, DOM dynamics in glaciated 
fjords have been assessed using a range of geochemical and microbiological techniques 
in a small number of northern hemisphere locations, but no study has employed the in-
depth molecular techniques that have been applied in estuarine systems. Here we 
present the first dataset of its kind both for a glaciated fjord and for the Chilean 
Patagonian region. We combine dissolved organic carbon (DOC) concentration data, 
together with spectrofluorescence and ultrahigh resolution mass spectrometry to 
characterise seasonal variations in DOM composition in the Baker-Martinez Fjord 
(~48°S) and relate these to different states of glacial meltwater input. We quantify the 
fluxes of organic matter from four major glacially fed rivers entering the fjord and show 
that DOM drives most (68–98%) organic matter export, in contrast to other world 
glaciated regions where particulate organic matter (POM) is the larger component of 
export (up to 90%). Riverine DOM may comprise up to 57% of the total organic carbon 
pool in the fjord and exert a strong control over biogeochemical processes. The overall 
patterns in fjord surface DOM composition are consistent with typical estuarine 
systems, showing the preferential removal of terrestrially sourced aromatic and humic 
material and the addition of unsaturated and heteroatom-rich marine DOM. The effects 
of strong glacial meltwater discharge in summer include direct inputs of protein-like 
fluorescence, weaker autochthonous DOM production and weaker conservative vertical 
mixing which dampens marine DOM signatures in the surface layer. We highlight a 
difficulty in tracing glacier melt inputs via protein-like fluorescence due to other 
possible sources within the fjord. We also suggest that the shifting seasonal balance 
between marine and riverine peptide supplies may regulate organic nitrogen cycling in 
the fjord. The findings here highlight biogeochemical sensitivities in coastal waters 







Dissolved organic matter (DOM) plays a key role in the biogeochemical cycling of 
carbon and other nutrients in coastal waters (Bauer and Bianchi, 2012). Inputs to these 
waters include primary production and fluxes of terrestrial material by rivers, overland 
flow and groundwaters (Bauer and Bianchi, 2012). Atmospheric deposition can also 
play a minor role (Liu et al., 2005). Removal processes include flocculation 
(Sholkovitz, 1976; Eisma, 1986), adsorption to sediments (Keil et al., 1994; 
Aufdenkampe et al., 2001), biological processing and photodegradation (Hernes and 
Benner, 2003; Spencer et al., 2009; Benner and Kaiser, 2011; Seidel et al., 2017). The 
combined effects of these processes are difficult to disentangle and most attempts draw 
upon known differences in terrestrial and marine DOM (Bauer and Bianchi, 2012). This 
is complicated by uncertainties in end-member compositions and the particular 
sensitivity of rivers to environmental change (Asmala et al., 2016). Furthermore, 
changes to the upstream landscape which affect riverine DOM composition also impact 
upon biogeochemical cycling in coastal waters (Osterholz et al., 2016).  
 
In regions where climate change is driving reductions in glacier cover, downstream 
marine waters may be sensitive to changes in the supply of reactive DOM linked to 
meltwater inputs  (Zhuang and Yang, 2018). This hypothesis has developed from land-
based investigations which suggest that DOM from glaciers is highly bioavailable and 
easily respired by marine heterotrophs (Hood et al., 2009; Fellman et al., 2010a; Singer 
et al., 2012; Lawson et al., 2014a). The relative lability of these inputs is thought to 
decline as glacial sources retreat further inland and are superseded by less labile 
terrestrial inputs (Paulsen et al., 2017; Hemingway et al., 2019). Additional 
observations in a Greenland fjord further imply that the competitive advantage of 
glacier-sourced bacteria in colder waters favours their continued processing of 
terrestrial DOM in surface coastal waters (Paulsen et al., 2017, 2018). The degree to 
which glacial DOM is assimilated into new biomass is not well known but data from a 
high Arctic fjord suggest that marine microbes preferentially assimilate marine DOM 
over glacial sources (Holding et al., 2017). However, the formation of new DOM 
(autochthonous supplies) in fjords with marine terminating glaciers may also be 
negatively impacted by glacier retreat (Hopwood et al., 2018). As glaciers retreat onto 
land, submarine meltwater discharge is redirected to the surface, which simultaneously 




Hopwood et al., 2018) and increases turbidity in the surface layer (Aracena et al., 2011; 
Landaeta et al., 2012), which together limit primary productivity. This may offset any 
potential benefits of nutrient subsidies delivered by enhanced meltwater fluxes in 
nearshore areas (Hawkings et al., 2014, 2015, 2016, 2018; Lawson et al., 2014b; 
Wadham et al., 2016). Therefore, in-washed DOM (allochthonous supplies) may 
comprise an increasingly important component of the organic matter pool as in situ 
primary production becomes limited. 
 
The role of fjords as an important global sink for terrestrial carbon is well established 
(Smith et al., 2015; Cui et al., 2017). Numerous studies have quantified the 
contributions from autochthonous production via stable isotope signals and molecular 
biomarkers in sediments (Silva et al., 2011; Kuliński et al., 2014; Kumar et al., 2016; 
Rebolledo et al., 2019). The impact of glacier discharge on phytoplankton blooms and 
the burial of autochthonous particulate organic matter (POM) has attracted some 
attention (Calleja et al., 2017) but influences over DOM dynamics and biogeochemical 
cycling within fjords are not well constrained. Spectrofluorescence and microbiological 
techniques have been applied in a Greenland fjord to understand how glacial and 
riverine DOM is processed in surface waters (Paulsen et al., 2017, 2018). However, 
focused molecular-level investigations that have been applied in temperate estuaries 
(Osterholz et al., 2016; Seidel et al., 2017) are so far lacking for glacially-influenced 
fjords. Addressing this gap will help to improve understanding of how glacier 
meltwaters impact organic matter composition in coastal waters, with implications for 
biogeochemical cycling and productivity in these sensitive ecosystems. 
 
Chilean Patagonia contains an extensive network of glacially carved fjords (Pantoja et 
al., 2011) and is undergoing significant landscape change as a result of rapid retreat of 
its two major icefields (Glasser et al., 2011; Willis et al., 2012a, 2012b; Jaber, 2016; 
Foresta et al., 2018). Primary productivity in central Patagonian fjords (48–51°S) is 
light-limited in summer due to significant inputs of turbid glacial meltwaters (Aracena 
et al., 2011). This leads to terrestrial material dominating (up to 100%) organic matter 
burial in sediments (Rebolledo et al., 2019). Most carbon burial studies distinguish 
marine and terrestrial signatures using the composition of POM, but it is unclear how 
far the assimilation of riverine and glacial DOM contributes to these signatures in fjord 




despite evidence of relatively constant rates of secondary bacterial production across 
these fjords (González et al., 2013), which suggests that the microbial food web may be 
a more important driver of carbon cycling at the heads of the fjords where primary 
productivity is suppressed in turbid river plumes. Moreover, increased glacier melt 
inputs in summer may support a zooplankton community structure which selectively 
consumes terrestrial POM (Meerhoff et al., 2014) and a bacterial community which is 
dominated by glacial biota (Gutiérrez et al., 2015; Paulsen et al., 2018). This highlights 
the potential for labile riverine and glacial DOM to also shape fjord food webs, 
especially under high river discharge conditions. The importance of the microbial loop 
to ecosystem function and carbon cycling therefore warrants a better understanding of 
DOM composition in Patagonian fjords and its sensitivity to changing glacier melt 
inputs. 
 
Here we present the first dataset of its kind on DOM composition for both a glaciated 
fjord and the Baker-Martinez Fjord (BMF) in Chilean Patagonia. Data include DOM 
concentration and composition as determined from spectrofluorescence scans and 
ultrahigh resolution mass spectrometry for the summer and winter seasons in a single 
year. We examine the broad seasonal shift in DOM composition across the fjord within 
the context of changing glacier melt inputs and relate trends to changes in sources and 
possible processes within the fjord. The specific aims of this study are to: 
 
1. Quantify the relative importance of DOM and POM fluxes in the tributary 
rivers of the BMF. 
2. Assess the impact of glacier melt inputs on fjord DOM composition by 
comparing summer (high discharge) and winter (low discharge) conditions. 
3. Examine variations in DOM along the salinity gradient to elucidate 







5.3.1. Study region 
The BMF is situated between the Northern and Southern Patagonian Icefields (NPI, 
SPI) at ~48°S (Figure 5.1). It consists of two largely disconnected sub-basins lying 
along west-east axes; the northerly Martinez Channel is typically <500 m deep whereas 
the southerly Baker Channel reaches maximum depths >1000 m in the central fjord 
(Rebolledo et al., 2019). Tides are semidiurnal (Ross et al., 2014) and circulation is 
largely driven by the prevailing winds (Aiken, 2012), including subsurface warm water 
intrusions into Jorge Montt Fjord over a shallow sill (~45 m deep) at its junction with 
Baker Channel (Moffat, 2014). The hydrographic structure of the BMF is typical of 
fjords with a thin surface lens of freshwater overlying marine water (Bustamante, 2009; 
Ross et al., 2014, 2015). High annual precipitation rates peak during the austral winter 
(May–August) but maximum freshwater input occurs during the austral summer 
(December–March) when glacier melt drives up river levels (Rebolledo et al., 2019). 
Seasonal melting of the NPI and SPI dominates the regimes of the Baker and Pascua 
rivers, respectively (Dirección General de Aguas, 2019; Rebolledo et al., 2019). 
Meltwater fluxes from Steffen Glacier (via the Huemules River) and Jorge Montt 
Glacier are not well quantified but sensitivity to warming air and ocean temperatures, 
respectively, will make these increasingly important freshwater sources to the fjord in 
future (Rivera et al., 2012; Willis et al., 2012b, 2012a; Aniya, 2017; Dussaillant et al., 
2018; Moffat et al., 2018). Discharge from the Bravo River at the head of Mitchell Fjord 
is influenced by glacier melt to a lesser degree. The locations of all fjord and terrestrial 
sampling locations are shown in Figure 5.1. 
 
5.3.2. Sampling 
Fjord water samples were collected during the austral summer (16–23 Feb) and winter 
(4–9 Jul) of 2017. A Seabird SBE model 25 CTD instrument was deployed from the RV 
Sur Austral to obtain vertical profiles in temperature, salinity, turbidity and chlorophyll 
fluorescence at each station. Water was sampled from selected depths in rosette-
mounted Niskin bottles. Where possible the same stations were revisited in winter to 
capture seasonal differences. Key exceptions are the stations in Jorge Montt Fjord, 





Figure 5.1. Geography of Baker-Martinez Fjord and location of sampling stations in the fjord (1–
21) and on the tributary rivers (A–F). 
 
near the mouth of the Baker Channel (S21) in winter. Regular surface sampling with a 
Teflon diaphragm underway pumping system during passage between the stations 
captured a better spatial coverage of variations in freshwater layer composition. 
 
River samples from the Steffen and Baker (in summer) valleys were collected during 
complementary terrestrial campaigns. Samples from the Bravo, Pascua and Baker (in 
winter) rivers were collected from a RIB boat during the fjord surveys. Although the 
Baker, Bravo and Pascua rivers were sampled only once per season, collectively these 
samples establish the range of conditions in riverine DOM inputs. The composition of 
rivers in the Steffen valley (Huemules and Quince) are well constrained due to extended 





5.3.3. Analytical methods 
5.3.3.1. Dissolved organic carbon (DOC) and nutrient concentrations 
Samples for DOC measurement were filtered to 0.45 µm using either PES membranes 
(fjord samples) or Whatman® Puradisc AQUA syringe filters (river samples) and stored 
frozen prior to analysis. DOC concentrations were determined on a Shimadzu TOC-
LCHN analyser equipped with halogen scrubber to process saline samples. Using the 
approach of Armbruster and Pry (2008), limits of detection (LoD) and quantitation 
(LoQ) were calculated as 2.7 µM and 3.7 µM, respectively. Repeat measurement of a 
40 µM standard varied by < ±5%. 
 
Samples for dissolved nutrient analysis were filtered using Whatman® GD/XP PES 
syringe filters (0.45 µm) and stored frozen. Nutrient concentrations were measured on 
a LaChat QuikChem® 8500 series 2 flow injection analyser using established 
colorimetric methods. Dissolved organic nitrogen (DON) concentrations were taken as 
the difference between total nitrogen (TN), measured following an alkaline persulphate/ 
UV digestion at 100°C to convert all organic nitrogen to nitrate, and the sum of 
inorganic nitrogen forms (NH4
+ + NO3
- + NO2
-) measured prior to digestion. LoDs are 
reported as 0.10 µM, 0.07 µM and 0.03 µM for DON, NO3 and soluble reactive 
phosphorus (SRP), respectively, with a precision < ±5%. 
 
5.3.3.2. Spectrofluorescence 
Samples for spectrofluorescence analysis were obtained in the same way as for DOC 
measurement. Excitation-emission matrices (EEMs) were collected on an Agilent Cary 
Eclipse Fluorescence Spectrophotometer with xenon flash bulb.  Scans were conducted 
through 10 mm quartz cuvettes over excitation wavelengths 240–450 nm at 5 nm 
intervals and emission wavelengths 300–600 nm at 2 nm intervals, using 5 nm 
monochromator slit widths and 0.1 second integrations. All EEMs were corrected for 
instrumental biases and Raman/Rayleigh scatter prior to subsequent analysis (Stedmon 
and Bro, 2008; Murphy et al., 2013).  
 
5.3.3.3. Ultrahigh resolution mass spectrometry 
Large volume samples (1 L) were filtered through either PES filters (0.45 µm; fjord 




Baker river samples) into clean polycarbonate bottles and acidified to pH ~2 with HCl. 
Filtered samples underwent solid phase extraction (SPE) through 200 mg Varian Bond 
Elut PPL cartridges following established procedures (Dittmar et al., 2008). Based on 
DOC measurements for each sample and an extraction efficiency of 40%, the SPE-
DOM was reconstituted in methanol to obtain a target concentration of ~40 µg C ml-1 
to ensure analytical consistency and allow reliable comparisons between samples. 
 
Analyses were conducted on a 21 Tesla Fourier transform ion cyclotron resonance mass 
spectrometer (FT-ICR MS) at the National High Magnetic Field Laboratory (NHMFL), 
Tallahassee, FL, USA (Smith et al., 2018a). Samples were introduced via electro-spray 
ionization (2.6–3.2 kV) at a rate of 600 nl min-1 and analysed in negative ion mode. 
Mass spectra for each sample were derived from 100 coadded scans and calibrated 
against known m/z values using Predator software (NHMFL). Formulae assignments 
within the stoichiometric combination ranges of C1–45H1–92N0–4O1–25S0–2 were applied 
to all peaks that were 6 times greater than the RMSE of the baseline signal and with 
mass calibration errors <500 ppb (PetroOrg software, Florida State University). Each 
formula was allocated to a specific compound category based on elemental ratios and 
modified aromaticity index values (AImod; Koch and Dittmar, 2006). We used the 
compound classification scheme of Kellerman et al. (2018): condensed aromatics (CA; 
AImod > 0.66); polyphenolics (PP; 0.66 ≥ AImod > 0.5); highly unsaturated and phenolic 
(HUP; AImod ≤ 0.5; H/C < 1.5); aliphatic (2 ≥ H/C ≥ 1.5; N = 0); peptide-like (2 ≥ H/C 
≥ 1.5; N > 0) and sugar-like (H/C >1.5; O/C > 0.9). Further subdivisions include low 
and high O/C ratios (<0.5 or >0.5) for CAs, PPs, HUPs and aliphatics, and sugars with 
and without heteroatoms (N or S). 
 
5.3.3.4. Particulate organic carbon concentrations 
Particulate organic carbon (POC) concentrations were measured for the four main 
tributary rivers in order to calculate fluxes. Particulates from large volume samples (1–
3 L) were retained on pre-combusted GF/Fs (450°C, 5 hours). Filters and sediments 
were subsampled and analysed directly through high temperature (1000°C) catalytic 
combustion on a Thermo Electron Flash Elemental Analyser 1110. Organic carbon 
(OC) content was determined following removal of inorganic carbonates by 




lower than the total carbon (TC) content of the unmodified sample in all cases. All 
samples were corrected for the mass and carbon content of the filter material, assessed 
as 0.03 ± 0.01% for TC and 0.02 ± 0.01% for OC (n=10). The % OC content was 
converted to POC concentrations by multiplication with suspended sediment 
concentrations (SSCs), which were measured separately as the mass of dry sediment 
retained on pre-weighed filters from a known volume of water (~300 ml). 
 
5.3.4. Flux calculations 
We estimate the magnitudes of dissolved and particulate organic carbon fluxes from the 
four principal rivers using Equation 5.1 and Equation 5.2. Annual discharge for the 
Baker and Pascua rivers is well constrained by long-term records from the Chilean 
Water Authority (Dirección General de Aguas, 2019). We also make use of the first 
ever discharge data for the Huemules River, derived from a stage-discharge rating curve 
(r2=0.97; RMSE < ± 9%) based on pressure sensor readings from a stable bedrock 
position within the river and 14 separate Rhodamine B dye injection traces over the 
austral summer and winter in 2017. This method has been successfully deployed at 
Leverett Glacier, Greenland (Bartholomew et al., 2011). Only one estimate of the 
average annual discharge of the Bravo River was available (Aracena et al., 2011). 
However, calculations based on averaged conditions are useful in establishing order of 
magnitude differences in the fluxes from each river and the relative importance of 
dissolved and particulate organic phases.  
 
Equation 5.1. DOC flux calculation 
DOC flux  = Cumulative annual discharge x Mean DOC concentration x 10-9 
Mg a-1   m3 a-1  mg m-3  unit conversion  
 
Equation 5.2. POC flux calculation 
POC flux = Cumulative annual discharge x Mean SSC x OC content x 10-6 
Mg a-1  m3 a-1  g m-3  (%)  unit conversion  
 
5.3.5. Statistical tests 
Parallel factor (PARAFAC) analysis was deployed using the drEEM Toolbox for 
MATLAB (Murphy et al., 2013) and identified seven separate components of DOM 




rivers (n=102) and additional freshwater and marine samples (n=176) from the broader 
region (42–48°S). These extra samples were included to better characterise regional 
DOM fluxes and help constrain the model. The model was validated by split-half 
methods and all component spectra had been identified previously in models held on 
the OpenFluor database (Murphy et al., 2014a).  
 
All other statistical tests were performed in R (R Core Team, 2015) with multivariate 
tools deployed from the vegan package (Oksanen et al., 2016). The significance of 
seasonal differences in fjord water column structure and geochemistry is assessed using 
non-parametric Mann Whitney tests, which are appropriate for non-normally distributed 
data and unpaired observations (some data are unpaired due to differences in sampling 
stations between seasons).  
 
Relationships between environmental variables and the intensities of individual 
molecular formulae are assessed using Spearman rank correlations. A false discovery 
rate correction (Benjamini and Hochberg, 1995) was applied to all p-values to minimise 
the number of Type I (false positive) errors arising from the large number of correlations 
for ~18,000 individual formulae. Raw p-values <0.028 were deemed significant at the 
95% confidence interval. 
 
Principal Components Analysis (PCA) was applied to a dataset of DOM composition, 
comprising FT-ICR MS compound category relative intensities and PARAFAC 
fluorescence loadings for each fjord sample. To reduce the influence of many very low 
intensity formulae common to all samples (i.e. HUPs) and without removing any data, 
total intensities for each compound category were first normalised by the number of 
formulae. All variables were then standardised between 0–1 using the decostand 
function (Oksanen et al., 2016). We fitted environmental variables to the ordination 
results by permutation (n=999) using the envfit function (Oksanen et al., 2016). 
 






5.4.1. River fluxes into the Baker-Martinez Fjord 
Annual freshwater, DOC and POC flux estimates for the four principal rivers entering 
the BMF are summarised in Table 5.1. The largest fluxes in DOC, suspended sediments 
and POC are from the Baker River which provides the biggest single input of 
freshwater, ~50% of the annual total from rivers. The Pascua provides a further ~40% 
of the annual total freshwater flux, with contributions from the Huemules and Bravo 
making up the remainder in similar proportions (~5% each). Total OC fluxes are largely 
driven by discharge, with the Baker and Pascua supplying >75% of all terrestrial OC to 
the fjord. The Bravo River has a disproportionately high DOC flux (due to high 
concentrations), which on an annual basis is comparable to that of the much larger 
Pascua River. Low OC content (<0.4%) in sediments leads to small POC fluxes despite 
high SSCs in the Baker, Pascua and Huemules Rivers and, overall, dissolved phases 
dominate terrestrial OC fluxes (68–98%). As a discharge-weighted average, DOC 
comprises 81% of the annual flux of organic matter from the four rivers. 
 
5.4.2. Fjord water column 
The physical properties of the water column display marked seasonality (Table 5.2). 
Mann Whitney tests show that the freshwater lens is significantly deeper (p=0.006), less 
saline (p<0.001) and more turbid (p=0.011) in summer, reflecting increased glacier melt 
inputs. Surface temperatures are higher in summer (p=0.003) despite strong meltwater 
inputs, except at the head of Steffen Fjord (S1, S2) where there is warming in winter. 
This sub-fjord also sees the largest rise in salinity in winter, suggesting that circulation 
patterns here may differ from those downstream of the other rivers. Chlorophyll 
concentrations are higher across the fjord in winter (p=0.006). 
 
5.4.3. Dissolved organic matter and nutrients in the fjord 
DOC concentrations are highly variable in the fjord surface layer (~20–200 µM) and 
seasonal differences (summer = 85.7 ± 41.1 µM; winter = 72.1 ± 33.1 µM; mean ± SD) 
are not statistically significant (Figure 5.2a). Subsurface DOC is less variable across the 





Table 5.1. Annual fluxes of dissolved and particulate organic carbon into Baker-Martinez Fjord 
from its four main tributary rivers. Concentrations are expressed in units of mass per litre rather 
than molar units (used elsewhere) as is more appropriate for flux calculations. 
 Baker Pascua Huemules Bravo 
Catchment properties     
Total area (km2) 29,107 15,079 671 1,062 
Glacial cover (%) 8 19 71 15 
Forest cover (%) 20 12 4 23 
Wetland cover excl. lakes (%) 4 4 4 4 
Total lake volume (x106 m3) 754,002 79,782 1,355 67 
Lake residence time (vol. weighted; days) 51,627 4,879 130 292 
     
Discharge     
Mean annual (m3 s-1) 932 714 121 112 
Mean summer (m3 s-1) 1,268 835 218 - 
Mean winter (m3 s-1) 754 617 51 - 
Cumulative annual (km3 a-1) 29.4 22.5 3.8 3.5 
Specific annual discharge (m a-1) 1.01 1.49 5.66 3.30 
     
DOC      
Mean concentration (mg C L-1) 0.644 0.364 0.171 2.258 
Summer conc. (mg C L-1) 0.644 0.454 0.153 2.518 
Winter conc. (mg C L-1) 0.643 0.273 0.236 1.997 
Annual flux (Mg C a-1) 18,920 8,201 653 7,975 
     
Suspended sediments     
Mean concentration (mg L-1) 60.2 35.7 87.5 18.1 
Annual flux (Gg a-1) 1,769 804 334 64 
     
POC     
Sediment OC content (%) 0.19 0.38 0.09 0.25 
Mean concentration (mg C L-1) 0.114 0.136 0.079 0.045 
Annual flux (Mg C a-1) 3,360 3,056 301 160 
     
TOTAL OC flux (Mg C a-1) 22,280 11,257 954 8,135 
DOC (%) 85 73 68 98 
POC (%) 15 27 32 2 













Table 5.2. Physical and chemical properties of surface lens and selected subsurface depths at fjord surface stations in austral summer (Feb) and austral winter (Jul) 



























 Feb Jul 
 











SURFACE LENS  
 
   
           
               
MARTINEZ CHANNEL & INLETS   
           
               
Steffen Fjord S1 1 
 






0.192 0.975  36.6 21.2  1.1 3.4  0.030 0.161  0.34 3.04  n.d. 0.39 
 S2 1 
 






0.235 0.683  49.0 64.8  1.1 5.1  0.023 0.079  0.33 0.57  n.d. 0.37 
 S3 1 
 






0.215 -                
 S4 1 
 






0.312 1.066  39.3 64.8  2.4 3.5  0.061 0.054  0.08 1.18  n.d. 0.12 
Baker plume S5 1 
 
5.0 3.0  0.5 0.7  11.6 5.9  93.5 32.9  0.226 0.484  44.1 61.9  1.9 1.7  0.043 0.028  n.d. 0.50  n.d. 0.27 
Mitchell Fjord S17 1 
 






0.500 1.005  199.7 188.3  2.9 3.7  0.014 0.020  0.21 0.89  n.d. 0.03 
 S16 1 
 






0.567 1.144  130.8 110.1  2.0 3.2  0.015 0.029  n.d. 1.18  n.d. 0.26 
 S8 1 
 






0.394 1.032  128.3 166.8  3.6 5.1  0.028 0.030  n.d. 0.84  n.d. 0.10 
BAKER CHANNEL & INLETS                             










0.966 -  60.0 -  3.6 -  0.063 -  n.d. -  n.d. - 
S20 1 
 






- 1.140  - 52.7  - 2.4  - 0.046  - 1.18  - 0.10 
 S12 1 
 






0.963 -  60.6 -  3.8 -  0.060 -  n.d. -  n.d. - 
Pascua plume S10 1 
 
5.0 5.5  1.1 5.9  8.8 4.9  30.4 7.4  0.296 0.892  46.0 58.0  2.3 2.2  0.049 0.038  0.53 1.30  0.04 0.20 
Central fjord S7 1 
 
6.8 3.8  0.8 7.2  11.6 5.8  51.2 12.1  0.385 0.795  60.9 95.6  1.9 3.2  0.031 0.033  0.07 1.96  n.d. 0.30 
S9 1 
 
7.8 6.2  2.5 13.2  11.0 6.3  8.8 2.3  0.652 0.897  77.3 65.3  2.0 2.7  0.026 0.041  n.d. 2.91  n.d. 0.28 
Outer fjord S21 1 
 






- 0.972  - 67.2  - 6.9  - 0.103  - 0.83  - 0.44 
                                 
SUBSURFACE 
 
                             
Steffen Fjord S1 40 
 
- -  - 31.9  - 11.4  - 0.4  - 0.053  - 41.9  - 7.6  - 0.182  - 8.78  - 1.06 
 S4 270 
 
- -  - 33.9  - 8.2  - 0.5  - 0.035  - 36.7  - 7.5  - 0.204  - 19.06  - 1.92 
Baker plume S5 140 
 
- -  - 33.7  - 8.9  - 0.7  - 0.044  - 45.9  - 1.6  - 0.036  - 21.13  - 1.72 
Mitchell Fjord S17 130 
 





- -  - 30.7  - 8.9  - 49.9  - 0.073  - 43.1  - 5.3  - 0.123  - 8.28  - 0.90 
S20 180 
 
- -  - 31.5  - 10.8  - 0.9  - 0.048  - 47.5  - 7.0  - 0.147  - 5.35  - 0.96 
Baker Channel S9 180 
 




Spatial patterns in surface DOC are largely set by the composition of input rivers 
(Figure 5.3a–b). The highest concentrations occur in Mitchell Fjord in both seasons due 
to inflow from the Bravo River; the lowest concentrations are near the mouth of the 
Huemules River in Steffen Fjord.  
 
Surface DON concentrations are generally low in summer and increase in winter 
(Figure 5.2b). The difference is only statistically significant (p=0.035; Mann Whitney) 
when samples from the Baker and Pascua river plumes (S5 and S10, respectively) are 
excluded. DON at these stations shows little seasonal change (Table 5.2), suggesting 
that the general increase in fjord DON in winter is not due to river inputs. Another 
deviation from the general trend is lower wintertime DON in Jorge Montt Fjord 
(2.4 µM; S20), versus values that are among the highest observed in summer (3.6–
3.8 µM; S12–13) and comparable with winter concentrations elsewhere (Table 5.2). In 
general, DON is highest in the subsurface but there is considerable variability at high 
salinities (Figure 5.2b). Variations in DON control the range of N/C molar ratios, which 
are typically higher in more saline waters, but the highest values are at intermediate 
salinities ~16‰ found towards the marine end of the fjord in the winter surface layer 
(Figure 5.2c–d; Figure 5.3f). 
 
Inorganic nutrients (NO3, SRP) in the surface layer mostly fall below the analytical LoD 
in summer but reach detectable concentrations in winter (Table 5.2). Nutrient 
concentrations increase gradually with salinity in the surface layer but display a rapid 
increase in the subsurface at salinities >25‰. Although the highest NO3 and SRP 
concentrations of ~25 µM and ~2 µM, respectively, are found in the most saline 
samples, concentrations are highly variable in the subsurface (Figure 5.2e–f). 
 
5.4.4. DOM composition 
5.4.4.1. Spectrofluorescence data 
The PARAFAC model identified seven components of DOM fluorescence, three of 
which are classed as terrestrial humic-like (C498, C452, C446), one as marine humic-like 
(C390) and the remaining three as protein-like (C304, C328, C354), with the latter exhibiting 
a tryptophan-like spectra. Fjord surface DOM adopts broadly the same fluorescence 





Figure 5.2. Trends in DOM composition and nutrient concentrations across the Baker-Martinez 
Fjord: (a) DOC and (b) DON versus salinity; (c) DON versus DOC; (d) molar N/C of DOM versus 






Figure 5.3. Spatial and seasonal patterns in DOC and DON concentrations and N/C ratios across 
the Baker-Martinez Fjord. Colour scales apply to both left and right plots on each row. 
 
controlled by differences in river composition (Figure 5.5). Generally, differences 
between the rivers and fjord surface layer are not statistically significant, except for 
protein/tryptophan-like component C354 in summer (Mann Whitney, p=0.019) which is 
linked with DOM bioavailability in northern Patagonian catchments (Chapter 4) and is 
present in all BMF rivers but completely absent at many fjord stations. Moderate 
summertime C354 loadings (~10%) in rivers show a marked decrease (to ~0%) at stations 
immediately downstream of the river mouths (Figure 5.5e). Seasonal comparisons show 
that protein-like DOM is significantly lower in winter in both the rivers and fjord 




both seasons (Figure 5.4 and Figure 5.6). However, large isolated spikes in C354 
intensity in Jorge Montt Fjord and the Baker Channel in winter suggest additional 
sources for this fluorophore (Figure 5.5e–f). Overall, protein-like fluorescence varies 
independently of DOC concentrations and is either not correlated (C304) or negatively 
correlated (C328, C354; Spearman, p<0.001) with N/C (Figure 5.6). In contrast, humic-
like fluorescence is positively correlated with DOC and displays a negative association 
with N/C (Figure 5.6). Humic-like loadings in the fjord in winter are less variable than 
in rivers but both display a significant increase in C498 compared to summer (Figure 
5.4). In addition, C446 and C390 in the winter fjord are significantly elevated with respect 
to river inputs (Mann Whitney; p<0.001) and summer conditions (Mann Whitney; 




Figure 5.4. Seasonal patterns in PARAFAC component loadings for riverine inputs (left column) 
and fjord stations at 1 m depth (right column). Humic-like and protein-like components are in 






Figure 5.5. Seasonal and spatial patterns in DOM fluorescence across the Baker-Martinez Fjord 
shown as (a-b) summed humic-like and (c-d) summed protein-like intensities in Raman Units (R.U.) 
and as (e-f) loadings for protein-like C354 component. Filled circles are fjord stations or underway 
sample locations on which the interpolated surface is based. Filled triangles are riverine end-











Figure 5.6. PARAFAC model component intensities versus salinity (top row), DOC concentrations (middle row) and molar N/C ratios (bottom row) for all fjord 
samples. Note different vertical scales for each fluorophore. Key in upper left-hand plot applies to all plots. Each plot is annotated with Spearman’s rho correlation 




5.4.4.2. Molecular level data 
A total of 18,383 individual molecular formulae in the mass range of 175–1000 Da were 
identified across 26 fjord and 8 river samples of SPE-DOM. Of these, 5321 (28.9%) 
were common to all fjord samples and 2870 (15.6%) were exclusive to the fjord. Only 
976 formulae (5.3%) were found exclusively in river samples and these were mostly 
aliphatic or HUPs. HUPs comprise the bulk of all formulae (72.1 ± 3.1%) and relative 
intensity (83.7 ± 5.5%) in each sample, including many very low intensity peaks.  
 
5.4.4.3. Multivariate analyses and environmental correlations 
PCA results show that samples from different depths and seasons have distinct 
molecular compositions and fluorescence characteristics (Figure 5.7). The first 3 axes 
of the PCA explain 82.7% of the variance in the dataset. PC1 scores distinguish surface 
layer and subsurface fjord samples, with the former typically enriched in aromatic 
compounds and the latter in O-rich HUPs, O-rich aliphatics and peptides (Figure 5.7a). 
Subsurface samples are also associated with greater C304 (protein-like) and C390 (marine 
humic-like) fluorescence loadings. PC2 scores are linked to a seasonal shift in DOM 
composition in the fjord lens (Figure 5.7a). Positive PC2 values reflect summer 
conditions with more protein-like fluorescence, peptides and O-rich aliphatics. 
Negative PC2 scores show dominance of humic-like fluorescence, O-poor HUPs and 
O-poor aliphatics in winter. The relationship between PC2 and PC3 scores suggests 
convergence in DOM composition across much of the fjord lens in winter, characterised 
by higher C390 fluorescence, O-poor HUPs and O-poor aliphatics (Figure 5.7b). In 
contrast, high protein-like fluorescence, O-rich aliphatics and peptides are stronger in 
Jorge Montt Fjord and the Baker/Pascua River plumes in summer. The summer lens in 
Steffen and Mitchell Fjords is linked with greater contributions from O-rich HUPs 
(Figure 5.7b). 
 
Significant correlations between PCA scores and environmental variables show that 
subsurface samples are strongly linked to higher salinities and dissolved nutrient 
concentrations, including DON (Figure 5.7a). The surface layer is linked with higher 
DOC but there is no seasonal trend (Figure 5.7a). In contrast, summer DOM in the 
surface layer is associated with warmer temperatures and higher turbidity whilst winter 









Figure 5.7. Multivariate principal components analysis (PCA) of DOM composition in Baker-Martinez Fjord based on PARAFAC fluorescence loadings and FT-
ICR MS molecular data with environmental correlations determined by permutation. Results presented with respect to the (a) first and second; and (b) second and 
third principal components, respectively (percentages show the amount of variability explained by each axis). Grey arrows relate to variables used in PCA and 




of molecular formulae that are correlated (positively and negatively) with season, 
salinity, chlorophyll and turbidity (four key factors linked to the separation of samples 
in the PCA) are summarised in Table 5.3. Surface layer DOM is typically more aromatic 
in summer and the dominant HUPs group sees a shift from more O-rich formulae to O-
poor and N-containing formulae in winter. Formulae with N are positively correlated 
with salinity and the winter season but negatively correlated with chlorophyll and 
turbidity (Table 5.3). These relationships are primarily driven by changes in the 
dominant HUPs compound category. Strong positive correlations between DON 
concentrations and the relative intensities of all N-containing formulae, and specifically 
N-containing HUPs (both give Pearson’s r=0.89; p<0.001; excluding one outlier 
sample), validate formulae assignments with an independent measure of DOM 
composition. Peptide-like formulae, as a minor constituent of total DOM, show a 
weaker correlation with DON (Pearson’s r=0.55; p<0.01). They are positively 
associated with both turbid conditions in the summer lens and higher salinities, 
suggesting separate links with meltwaters and fjord waters, and negatively correlated 








Table 5.3. Characteristics of molecular formulae in fjord DOM that are positively and negatively correlated (Spearman, p<0.05) with season, salinity, chlorophyll 
and turbidity and those formulae that are not correlated with any environmental variable. 
  season salinity chlorophyll turbidity 
no correlation 
  summer winter pos neg pos neg pos neg 




mass 476.6 ± 2.3 464.4 ± 1.0 451.0 ± 0.6 498.9 ± 2.7 521.1 ± 2.1 446.6 ± 0.7 492.4 ± 3.0 448.4 ± 0.6 492.4 ± 2.0 
C 20.8 ± 0.1 22.8 ± 0.1 20.9 ± 0.0 22.4 ± 0.1 24.9 ± 0.1 19.9 ± 0.0 22.0 ± 0.1 20.7 ± 0.0 22.8 ± 0.10 
H 20.1 ± 0.1 28.3 ± 0.1 26.0 ± 0.0 20.3 ± 0.1 25.1 ± 0.3 24.9 ± 0.0 19.8 ± 0.1 25.8 ± 0.0 28.7 ± 0.15 
O 13.0 ± 0.1 10.0 ± 0.0 10.6 ± 0.0 13.1 ± 0.1 12.3 ± 0.1 11.1 ± 0.0 13.0 ± 0.1 10.6 ± 0.0 11.5 ± 0.06 
N 0.03 ± 0.00 0.12 ± 0.01 0.21 ± 0.01 0.05 ± 0.00 0.05 ± 0.00 0.25 ± 0.02 0.05 ± 0.00 0.23 ± 0.02 0.15 ± 0.01 
S 0.01 ± 0.00 0.06 ± 0.00 0.08 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.08 ± 0.00 0.02 ± 0.00 0.08 ± 0.00 0.15 ± 0.01 
HC 0.97 ± 0.01 1.24 ± 0.00 1.25 ± 0.00 0.91 ± 0.01 0.99 ± 0.01 1.25 ± 0.00 0.91 ± 0.01 1.25 ± 0.00 1.26 ± 0.01 
OC 0.63 ± 0.00 0.44 ± 0.00 0.51 ± 0.00 0.59 ± 0.00 0.50 ± 0.01 0.56 ± 0.00 0.60 ± 0.00 0.51 ± 0.00 0.51 ± 0.00 
NC 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 





Aliph. O-rich 0.22 ± 0.02 0.00 ± 0.00 0.65 ± 0.04 0.13 ± 0.01 0.00 ± 0.00 0.83 ± 0.04 0.15 ± 0.01 0.39 ± 0.03 0.08 ± 0.00 
Aliph. O-poor 0.16 ± 0.02 0.19 ± 0.01 0.30 ± 0.01 0.80 ± 0.05 1.17 ± 0.06 0.23 ± 0.01 0.65 ± 0.05 0.19 ± 0.01 0.48 ± 0.02 
Peptide 0.06 ± 0.01 0.01 ± 0.00 0.10 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.15 ± 0.02 0.00 ± 0.00 0.09 ± 0.02 0.06 ± 0.02 
HUP O-rich 20.33 ± 1.14 10.53 ± 0.72 24.43 ± 1.66 22.43 ± 1.47 8.40 ± 0.68 23.86 ± 1.59 21.39 ± 1.44 21.96 ± 1.59 1.72 ± 0.04 
HUP O-poor 0.53 ± 0.03 22.95 ± 0.85 16.21 ± 0.94 3.92 ± 0.19 12.34 ± 0.57 4.90 ± 0.47 2.96 ± 0.14 13.58 ± 0.88 0.75 ± 0.02 
HUP with N 0.02 ± 0.00 1.20 ± 0.17 2.44 ± 0.38 0.14 ± 0.01 0.12 ± 0.00 2.16 ± 0.36 0.11 ± 0.01 2.37 ± 0.37 0.07 ± 0.00 
PP O-rich 3.20 ± 0.26 0.00 ± 0.00 0.00 ± 0.00 7.28 ± 0.61 5.07 ± 0.45 0.00 ± 0.00 7.02 ± 0.59 0.00 ± 0.00 0.04 ± 0.00 
PP O-poor 0.76 ± 0.05 0.02 ± 0.00 0.04 ± 0.01 2.16 ± 0.15 1.73 ± 0.12 0.02 ± 0.00 2.07 ± 0.14 0.03 ± 0.00 0.04 ± 0.00 
PP with N 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.07 ± 0.00 0.06 ± 0.00 0.01 ± 0.00 0.07 ± 0.00 0.01 ± 0.00 0.03 ± 0.00 
CA O-rich 0.27 ± 0.03 0.01 ± 0.00 0.00 ± 0.00 2.27 ± 0.19 2.18 ± 0.19 0.00 ± 0.00 1.62 ± 0.13 0.00 ± 0.00 0.01 ± 0.00 
CA O-poor 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.01 0.10 ± 0.01 0.00 ± 0.00 0.07 ± 0.00 0.00 ± 0.00 0.02 ± 0.00 
CA with N 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 
Sugars 0.02 ± 0.00 0.00 ± 0.00 0.04 ± 0.01 0.17 ± 0.02 0.14 ± 0.02 0.04 ± 0.01 0.16 ± 0.02 0.01 ± 0.00 0.03 ± 0.00 
 
Reported values are either (as labelled) formulae counts, intensity-weighted averages of summary molecular properties, or the mean relative intensities for all formulae subdivided into compound categories; all ± 1 standard error (SE). 





Since carbon is the bulk constituent of organic matter by mass, DOC and POC estimates 
are considered representative of DOM and POM in the following discussion. 
 
5.5.1. Rivers as a major source of DOM 
The magnitudes of terrestrial organic matter fluxes to the BMF are largely unknown 
and our flux calculations are a significant step towards quantifying and characterising 
the inputs to this fjord from its four principal tributary rivers. Despite the low number 
of samples and averaged concentrations used in our calculations, this study provides 
useful first order flux estimates for rivers for which there are limited biogeochemical 
data. We acknowledge the potential for our calculations to overestimate annual POC 
fluxes due to the use of summertime concentrations, which are likely to be higher due 
to elevated turbidity levels in the rivers. For example, a published time series for 2007–
2009 shows that summertime SSCs (163 mg L-1) may be almost double the wintertime 
concentrations (89 mg L-1) in the Baker River (Quiroga et al., 2012). However, it is not 
clear how representative these data are of the 2017 field season given the acceleration 
of glacial melting (Chen et al., 2007; Willis et al., 2012a; Dussaillant et al., 2019). It is 
also unclear how the percentage organic content of these suspended sediments might 
vary over the year and there no comparable data from other similarly glaciated regions 
which could provide insight, as, in most cases, studies have focused on individual 
seasons rather than generating annual time series. We recognise that unconstrained 
seasonal variations in POC are a limitation of our study but consider our flux estimates 
to be useful baselines which could be refined by future studies. 
 
In the absence of more reliable data, we judge the reliability of our flux calculations by 
the similarity of our concentration and discharge data to other studies. For example, our 
POC concentrations are in line with those reported for the Baker River (100 µg C L-1) 
and the Baker/Pascua plumes (87.4 ± 47.8 µg C L-1) in the fjord (Vargas et al., 2011). 
No published data are available to verify our river DOC measurements but our results 
are generally consistent with a dominance of DOM over POM in the Baker River plume 
(González et al., 2013). Our annual discharge estimates for the largest rivers, Baker and 
Pascua, are consistent with independent analyses of annual records (Pantoja et al., 2011; 




Huemules or Bravo precludes comparison, these rivers represent a small proportion of 
total freshwater flux and, in the Bravo River, OC fluxes are driven primarily by DOC 
concentrations rather than discharge.  
 
The major rivers emptying into BMF deliver significant quantities of DOM over the 
course of a year (Table 5.1). The largest rivers, Baker and Pascua, dominate total supply 
which is largely driven by discharge. The relative importance of riverine DOM therefore 
increases with respect to autochthonous sources during peak summer discharge 
conditions, especially in the vicinity of major river plumes. This is consistent with 
dominant terrestrial signatures determined from stable isotopes in POM at the fjord 
heads (Vargas et al., 2011). Based on estimates of annual primary production, we 
calculate that the four major rivers supply a substantial proportion (up to 57%) of the 
annual inputs of organic matter to the BMF (Table 5.4). The exact proportion is 
dependent on which measured rates of primary production are used, which available 
data suggests is likely to be highly spatially variable (Table 5.4). It is difficult to 
constrain our estimates further due to limited data on primary production rates for this 
fjord. All available primary production data were obtained during spring blooms which 
likely reflect maximum productivity and overestimate total carbon fixation when 
extrapolated over the year (Aracena et al., 2011; González et al., 2013; Jacob et al., 
2014). Also, it is not clear how much of the total carbon annually fixed into biomass is 
transferred into the fjord DOM pool. Thus, our estimates of riverine DOM contributions 
are likely to be conservative.  
 
Although additional inputs from other allochthonous sources (Jorge Montt Glacier, 
smaller streams, overland runoff, groundwater discharge and atmospheric deposition) 
are unconstrained, these do not affect the relative balance between primary production 
and the major river inputs. Moreover, direct anthropogenic inputs of organic matter are 
deemed negligible given the minimal human population and agricultural activities in 
the tributary basins (Tateishi et al., 2011, 2014) and the complete absence of an 
aquaculture industry in the BMF (Quiroga et al., 2013; Quiñones et al., 2019). Our 
calculations therefore demonstrate that rivers may provide a critical subsidy of non- 
anthropogenic, terrestrial organic matter to the BMF, especially where productivity is 












Table 5.4. Balance of annual autochthonous production and allochthonous inputs by rivers of organic matter in Baker-Martinez Fjord. A range of estimates of 
autochthonous production are based on different reported primary production rates in milligrams of carbon fixed per square metre per day extrapolated over a year 
for the entire fjord region, measured as 1355 km2. Total OC inputs reflect the sum of annual carbon fixation by primary production and riverine delivery. The 
percentage balances of primary production, river DOC and river POC are with respect to the total OC input. 
Location 








(Gg C a-1) 
Total OC input 
 
(Gg C a-1) 
Balance of inputs (% total) 
Primary 
production River DOC River POC 
        
Tortel 91 (Aracena et al., 2011) 45.0 87.6 51 41 8 
Steffen Fjord 345 (Aracena et al., 2011) 170.6 213.3 80 17 3 
        
Steffen Fjord 49 (González et al., 2011) 24.2 66.8 36 53 10 
Baker Fjord 360 (González et al., 2011) 178.0 220.7 81 16 3 
Martinez Channel  422 ± 255 (González et al., 2011) 82.6–334.8 208.7–377.5 40–89 9–57 2–3 
        
Steffen Fjord 1 120 (Jacob et al., 2014) 59.3 102.0 58 35 7 
Steffen Fjord 2 840 (Jacob et al., 2014) 415.4 458.1 91 8 1 
Steffen Fjord 3 576 (Jacob et al., 2014) 284.9 327.5 87 11 2 





Table 5.5. DOC:POC ratios for major input rivers of the Baker-Martinez Fjord compared to 
published data for water masses in other fjords and channels in Chilean Patagonia and the Arctic. 




(mg L-1) DOC:POC Study 
      
CHILEAN PATAGONIA      
Baker-Martinez Fjord      
Baker Rivera river 0.644 0.114 5.6 This study 
Pascua Rivera river 0.364 0.136 2.7 This study 
Huemules Rivera river 0.153 0.079 1.9 This study 
Bravo Rivera river 2.518 0.045 56.0 This study 
Martinez Channelb surface fjord  1.320 0.140 9.4 1 
      
Inner Sea of Chiloé      
Mean for inner sea areab surface marine 0.910 0.256 3.6 2 
Reloncavi Fjordc surface fjord 0.740 0.425 1.7 2 
      
Magellan Strait      
Magellan Straitb surface marine 1.720 0.392 4.4 3 
Beagle Magellan Water subsurface marine 0.815 0.234 3.5 4 
Sub-Antarctic Shelf Water subsurface marine 0.700 0.129 5.4 4 
Sub-Antarctic Water subsurface marine 0.640 0.077 8.3 4 
      
ARCTIC      
Young Sound, Greenlandd surface fjord 1.285 0.024 53.5 5 
 subsurface fjord 1.261 0.026 48.5 5 
 shelf water 1.068 0.025 42.7 5 
 river 0.504 0.056 9.0 5 
      
Kongsfjorden, Svalbard      
October surface fjord 1.158 0.189 6.1 6 
April surface fjord 0.713 0.283 2.5 6 
August surface fjord 1.091 0.276 4.0 7 
August subsurface fjord 1.309 0.068 19.3 7 
August river 0.877 0.673 1.3 7 
      
Norway      
Ballsfjord surface fjord 1.500 0.748 2.0 8 
Ullsfjord surface fjord 1.370 0.325 4.2 8 
      
Table notes 
a. Annual mean concentrations reported in Table 5.1. 
b. DOC:POC calculated from concentrations converted from depth-integrated concentrations reported in study. 
c. As b. but concentrations read off from graph in study and expressed as mean for all stations within Reloncavi Fjord. 
d. Mean concentrations for summer (July) study period; molar DOC concentrations converted into mg L-1. 
 
Refs 
1. (González et al., 2013); 2. (González et al., 2019); 3. (González et al., 2013); 4. (Barrera et al., 2017); 5. (Paulsen et al., 2017); 
6. (Brogi et al., 2019); 7. (Zhu et al., 2016); 8. (Gašparović et al., 2005). 
 
 
Despite glacially dominated discharge regimes, the bulk composition of total organic 
matter export from the Baker, Pascua and Huemules is atypical of glacial runoff. In 




which comprise up to ~90% of total organic matter export (Bhatia et al., 2013; Lawson 
et al., 2014b; Hood et al., 2015). In our study region, POM loadings are small due to 
low SSCs compared to other glacial rivers (Knudsen et al., 2007; Lawson et al., 2014a; 
Srivastava et al., 2014), and low sedimentary organic content. Long water residence 
times in proglacial and freshwater lakes in these catchments (Table 5.1) may lead to the 
settling out of particulates and the consumption of labile POM from river waters before 
they reach the fjord (Meyers et al., 1984; Meyers and Ishiwatari, 1993; Chifflard et al., 
2019). Nevertheless, the estimated ratios of DOC:POC in our study rivers fall within 
the range observed across other water masses in fjords and inlets across Chilean 
Patagonia and the Arctic (Table 5.5). However, it should be noted that very few studies 
report paired DOC and POC concentrations for glaciated fjords and the exact role of 
terrestrial POM in carbon cycling processes within these settings is not well understood 
(Hopwood et al., 2019). Studies which highlight a role for terrestrial POM as a food 
source in BMF (Vargas et al., 2011; González et al., 2013; Meerhoff et al., 2019) may 
underestimate the true significance of terrestrial organic matter since riverine DOM is 
a greater and potentially more labile flux. 
 
5.5.2. Seasonal impact of rivers on fjord DOM 
The seasonal shift in the composition of fjord surface DOM is affected by changing 
river fluxes, and specifically glacial meltwater contributions, in three main ways.  
 
First, seasonal changes in catchment hydrology and DOM sources affect the 
composition of the riverine inputs that are transferred into the fjord lens. Higher 
summertime protein-like fluorescence in the fjord lens (Figure 5.4) is consistent with 
high glacier melt inputs during peak discharge conditions (Barker et al., 2006; Hodson 
et al., 2008; Hood et al., 2009; Dubnick et al., 2010; Fellman et al., 2010a; Stubbins et 
al., 2012). These signals are strongest downstream of the largest glacially-fed rivers, 
Baker and Pascua, and Jorge Montt Glacier (Figure 5.7), although we are unable to 
constrain the composition of direct melt inputs from the latter. Stronger humic-like 
fluorescence in the winter lens reflects greater freshwater contributions of terrestrial 
DOM from non-glacial, vegetated or wetland sectors of the river catchments (Fellman 
et al., 2008, 2014). Whilst the year-round presence of condensed aromatics and 




vascular plant- and soil-derived material (Koch et al., 2005; Ohno et al., 2010), positive 
correlation of these compounds with the summer season shows the stronger influence 
of terrestrial DOM during high discharge conditions (Table 5.3). The lack of correlation 
between humic-like fluorescence and bulk polyphenolic/condensed aromatic content 
(Figure 5.7) suggests that fluorescence signatures may covary with only a subset of 
these compounds and comprise an overall minor fraction (<1%) of total DOM (Cory et 
al., 2011). 
 
Second, the magnitude of the freshwater flux controls the degree of mixing between 
terrestrial and marine end-members. Reduced glacier melting in winter leads to lower 
river discharge and an overall thinning of the freshwater lens (Table 5.2), and a likely 
shoreward migration of the pycnocline in winter (Rebolledo et al., 2019). The increased 
influence of marine waters is apparent in higher surface salinities and dissolved nutrient 
concentrations, including DON (Figure 5.7; Table 5.2). On a molecular level, this is 
manifest as an increase in the intensity of N-containing HUPs as the dominant 
constituent of DON in the fjord (Table 5.3). DOM with a higher heteroatom content 
reflects material ultimately derived from marine rather than terrestrial sources 
(Kujawinski et al., 2004; Sleighter and Hatcher, 2008). However, negative correlations 
between these formulae and chlorophyll (Table 5.3) suggests that they are sourced from 
a subsurface pool of more recalcitrant DOM rather than recent production. Thus protein- 
and peptide-like substances, as indicators of fresh production or recently re-worked 
material (Aluwihare et al., 2005; Aluwihare and Meador, 2008), display little 
association with N-content (Figure 5.6; Table 5.3), countering classical assumptions 
that these compounds are a significant organic N component in coastal waters 
(Aluwihare and Meador, 2008; Fellman et al., 2010a). Rather, fjord DON may be 
largely unreactive and its presence reflects a greater degree of marine water influence 
by conservative mixing. This is corroborated by the positive relationship between 
formulae belonging to the “island of stability” group — a relatively recalcitrant pool of 
marine DOM (Lechtenfeld et al., 2014) — and salinity (Figure 5.8). Elevated loadings 
of marine humic-like fluorescence (C390) with respect to river inputs in winter also 
support this mechanism (Figure 5.4).  
 
Third, lower turbidity levels associated with reduced glacial meltwater inputs facilitate 





Figure 5.8. Changes in FT-ICR MS compound category relative intensities with salinity variations 
across summer and winter surface lens samples and subsurface samples from Baker-Martinez 
Fjord. Significant regression lines with shaded 95% confidence intervals shown alongside quoted 




Increased intensities of O-poor HUPs and O-poor aliphatics in the winter surface layer, 
and their positive association with chlorophyll (Figure 5.7; Table 5.3), is consistent with 
the characteristics of DOM derived from marine phytoplankton and algae (Sleighter and 
Hatcher, 2008; Kujawinski et al., 2009; Landa et al., 2014). We cannot discount 
groundwater as a possible source for these compounds, especially when the relative 
importance of groundwater contributions may increase with lower river discharge. 
However, in the absence of data to constrain groundwater inputs we suggest that the 
stronger intensities of these compounds in the surface layer (Figure 5.7; Table 5.3) 
points towards an autochthonous source. Moreover, the convergence in DOM 
composition across the fjord lens in winter (Figure 5.7b) suggests an overriding process 
or dominant source that is distinct from summertime conditions. We attribute this to 
higher primary production across the fjord which superimposes autochthonous 
signatures onto terrestrial aromatic/humic DOM and increased marine water influences 
by conservative mixing. Stronger allochthonous signatures including O-rich aliphatics 
and O-rich HUPs in summer show how rivers reassert a dominant influence over bulk 
DOM composition with increasing discharge.  
 
Overall, the primary source of labile DOM for marine heterotrophs will vary seasonally 
with river discharge. Increased glacier melt inputs may suppress the production of fresh 
organic matter in summer, favouring a heterotrophic community better adapted to 
utilising terrestrial/glacial DOM (Gutiérrez  et al., 2015; Paulsen et al., 2018), despite 
observations of an apparent preference for marine DOM substrates in other glacial 
fjords (Holding et al., 2017). Previous work on BMF has highlighted a similar 
sensitivity of the pelagic food web to increased glacier melt inputs, with changes in 
zooplankton community structure during glacial lake outburst floods (GLOFs) 
attributed to an increased availability of terrestrial POM as a food source (Meerhoff et 
al., 2019); although it is not clear much of the terrestrial material is exclusively glacial 
in origin. 
 
5.5.3. Changes in DOM composition along the salinity gradient 
We used a correlative approach to track changes in DOM composition with salinity, 
similar to other coastal studies (Osterholz et al., 2016; Seidel et al., 2017). However, 




multiple river end-members and marine waters which complicate the interpretation of 
conventional mixing diagrams (Asmala et al., 2016). For example, increased DOC 
concentrations and humic-like signals along Steffen Fjord and downstream of the 
Pascua River illustrate the influence of more concentrated terrestrial inputs from more 
distant rivers, streams or surface runoff (Figure 5.3 and Figure 5.5). This effect has been 
observed in Young Sound, Greenland, where material from distant Arctic river inputs 
mixes with local inputs from more dilute glacial waters (Paulsen et al., 2018). 
Moreover, at our most distant site (S21), salinities never reach fully marine conditions 
due to a considerable freshwater input even in winter. Instead we interpret a salinity 
gradient that cuts across spatial, seasonal and depth variations in the fjord to reflect the 
overall impact of a shifting balance of different water sources on DOM composition.  
 
Relative enrichment in the fjord lens with more aromatic substances, such as 
polyphenolics (Figure 5.8), with respect to most river inputs is at first counterintuitive 
given their known association with vascular plants and soils (Ohno et al., 2010). We 
speculate that although the range of observations in the fjord lens is encapsulated by 
variability in the input rivers, unconstrained inputs via smaller streams and surface 
runoff contributes additional aromatic DOM from the surrounding vegetated slopes. 
Differences between riverine end-members and surface lens samples might also reflect 
an internal composition adjustment, with increased relative intensities of aromatic 
compounds balanced by decreases in HUPs. Photodegradation is a removal mechanism 
for HUPs, PPs and CAs (Tremblay et al., 2007; Stubbins et al., 2010) but would be 
limited in turbid conditions (Osterholz et al., 2016). Bacterial conversion of reactive 
humic-like material to more recalcitrant forms (Nelson et al., 2004; Shimotori et al., 
2010; Romera-Castillo et al., 2011), which might explain higher in-fjord loadings of 
C446, would also likely remove a range of phenolic and aromatic compounds (Stubbins 
et al., 2010; Mostovaya et al., 2017). Negative correlations between humic-like 
fluorescence and salinity confirm the removal of aromatic DOM from surface waters 
(Spencer et al., 2009; Stubbins et al., 2010; Timko et al., 2015). Overall, the variations 
with respect to salinity show a typical estuarine transition from aromatic-rich terrestrial 
DOM to more unsaturated compounds with higher heteroatom content in marine waters 
(Medeiros et al., 2015; Osterholz et al., 2016; Seidel et al., 2017). This is consistent 




of phytoplankton-derived compounds with lower O/C (Medeiros et al., 2015) and 
higher heteroatom content (Osterholz et al., 2016; Wünsch et al., 2016). 
 
Protein-like fluorescence displays a more complex pattern with salinity across sample 
types (Figure 5.6) and may provide a sensitive indicator of both biologically produced 
and bioavailable DOM (Paulsen et al., 2018). Elevated signals in the subsurface and 
summer lens contrast with a general absence in the winter lens, except for a few isolated 
spikes in C328 and C354. This is consistent with independent sources of protein-like 
material in glacially-fed rivers and marine waters (Murphy et al., 2008; Barker et al., 
2009; Dubnick et al., 2010; Lønborg et al., 2015). In-fjord contributions of protein-like 
DOM might include sloppy feeding by grazers and bacterial degradation of faecal 
pellets which could contain terrestrial organic matter (Poulet et al., 1991; Møller et al., 
2003; Urban-Rich et al., 2004; Møller, 2007). Reduction of protein signals in winter 
reflects decreased glacier melt inputs since a more productive fjord ecosystem would 
likely increase the supply of autochthonous proteins, unless it were rapidly degraded 
(Determann et al., 1998; Stedmon et al., 2003; Yamashita et al., 2008). High spikes in 
tryptophan fluorescence (C354) suggest excess production in Baker Channel and Jorge 
Montt Fjord, although presence in the latter might reflect continuous contributions via 
subglacial discharge or sub-marine melting (Moffat et al., 2018). Other subsurface 
sources of C354 are discounted due to a near complete absence below the freshwater lens 
(Figure 5.6). 
 
5.5.4. Compositional influence on DOM reactivity and cycling 
In oligotrophic fjord systems with low productivity, in-washed terrestrial organic matter 
may offer a valuable source of nutrients to pelagic communities (Vargas et al., 2011). 
However, DOM in BMF has a low overall nitrogen content that is unlikely to satisfy 
biological nutrient requirements of the Redfield ratio alone (Figure 5.2). Low inorganic 
nitrogen concentrations may further compound nutrient scarcity. Bioavailability may 
be further limited by the dominance of HUPs, which are relatively unreactive 
(Mostovaya et al., 2017) and comprise the bulk of all nitrogen containing compounds. 
Nevertheless, separate components of N-rich DOM may provide labile substrates within 
a larger recalcitrant pool. Here we review evidence for consumption of proteins and 




labile nitrogen (Aluwihare et al., 2005; Mulholland and Lee, 2009; Lønborg et al., 
2015). 
 
A significant reduction in C354 fluorescence in the summer lens with respect to riverine 
inputs (Figure 5.4) is most apparent immediately downstream of the river mouths 
(Figure 5.5). This is consistent with bio-incubation results which suggest that 
tryptophan-like material is a bioavailable component of DOM in Patagonian rivers 
(Chapter 4). However, data from the fjord do not suggest consumption of the N-
containing polyphenolic formulae significantly correlated with C354 in terrestrial 
systems (Figure 5.8). Moreover, protein-like fluorescence is not positively correlated 
with the N-content of DOM (Figure 5.6), countering prevailing assumptions that it 
serves as a proxy for labile organic nitrogen in estuarine and marine systems (Fellman 
et al., 2010a; Lønborg et al., 2015; Yamashita et al., 2015). Generally, additional C354 
sources in the fjord render it unsuitable as a tracer for terrestrial DOM reactivity in 
marine waters. 
 
Peptides and nitrogen containing HUPs (N-HUPs) show different positive associations 
in summer and winter (Figure 5.9). The surface lens in summer is relatively more 
enriched in peptides with respect to N-HUPs, whilst the trend is reversed in winter. This 
likely reflects two distinct modes of seasonal mixing. Stronger freshwater inputs in 
summer suppress the influence of marine waters as a major source of N-HUPs (and 
DON) in the fjord and higher peptide intensities reflect increased riverine contributions 
from glaciers and lakes (Spencer et al., 2014b). The relationship in the summer lens is 
therefore in line with the range of conditions in input rivers (Figure 5.9). In winter, 
greater influence from marine N-HUPs explains the general trajectory of surface lens 
samples towards subsurface conditions (Figure 5.9). This is supported by a trend 
towards lower mass peptides with higher S-content in the winter lens, which are more 
characteristic of marine signals (Table 5.6). An outlier to this trend is the S4 sample 
(Figure 5.9), which could be under greater influence from the Baker River plume even 
in winter. Moreover, elevated peptide signals downstream of Jorge Montt Glacier in 
summer (Figure 5.7) could indicate direct inputs from glacier melt or autochthonous 
production; either mechanism could also explain elevated protein-like fluorescence. 
The presence of O-rich aliphatics and aromatics supports a strong input from terrestrial 






Figure 5.9. FT-ICR MS relative intensities of nitrogen-containing highly 
unsaturated and phenolic compounds (N-HUPs) versus peptide-like formulae in 
surface layer, subsurface and river samples from Baker-Martinez Fjord. 
 
A significant multivariate analysis of variance (MANOVA; p<0.001) reveals distinct 
peptide characteristics in river, fjord lens and subsurface samples (Table 5.6). They are 
differentiated by mass, intensity, aromaticity, O/C and S-content. Subsequent ANOVAs 
show significant differences between rivers and subsurface peptides (p<0.001), 
suggesting distinct terrestrial and marine end-members. Increased mixing of marine 
waters likely causes a similar significant difference in the winter lens with respect to 
river inputs (p<0.001) and summer conditions (p<0.001). The river peptides are not 
significantly different between the seasons except for higher S-content in summer 
(p<0.001), which is the reverse of the pattern in the fjord lens. In summer, peptides in 
the fjord lens only differ from rivers in intensity (p<0.001) and suggest a dominant 
control by freshwater DOM. The differences in source and composition may have 
implications for their reactivity and overall organic matter cycling in the fjord. 
 
Whilst mixing largely drives the seasonal differences in peptides there is tentative 
evidence of biodegradation in the fjord lens. Peptides may be consumed by 




account for the reduced number and intensity of peptide formulae in the surface lens 
with respect to the rivers (Table 5.6). This pattern is most apparent in winter when 
overall productivity is higher but the variable compositions of multiple river inputs 
complicate this trend. Whilst autochthonous production could increase peptide 
abundance, tightly coupled production and consumption processes might maintain low 
overall abundance and account for increased N-HUPs if they reflect a pool of 
degradation products. Selective removal of the most N-rich peptides could explain why 
the residual peptides in the winter lens exhibit a lower N-content than either the rivers 
or subsurface samples (Table 5.6), which is not explained by mixing alone. However, 
differences in N-content are not significant in the MANOVA test. We can only 
speculate on the consumption of peptides in the fjord lens, but the results are consistent 
with the view that they can provide a labile source of dissolved N from a larger more 
refractory pool (Aluwihare et al., 2005; Aluwihare and Meador, 2008).  
 
Table 5.6. Characteristics of peptide-like formulae present in river, surface layer and subsurface 
fjord samples.  Values are means ± SE across all samples of that type. Highlighted rows indicate 
properties that are significantly different between sample type, identified through a multivariate 
analysis of variance test (MANOVA, p<0.001).* 
 rivers lens    
 summer winter summer winter subsurface 
No. formulae 140 ± 33 159 ± 79 118 ± 27 76 ± 25 314 ± 20 
rel intens (%) 0.32 ± 0.11 0.38 ± 0.24 0.21 ± 0.08 0.11 ± 0.04 0.40 ± 0.02 
mass 467.1 ± 11.3 461.2 ± 12.0 450.6 ± 4.2 449.0 ± 5.2 438.3 ± 1.1 
C 19.5 ± 0.3 19.6 ± 0.2 19.4 ± 0.2 20.15 ± 0.29 18.71 ± 0.10 
H 30.4 ± 0.6 30.4 ± 0.7 30.2 ± 0.3 30.70 ± 0.37 28.96 ± 0.12 
O 11.5 ± 0.5 11.2 ± 0.5 10.7 ± 0.2 9.67 ± 0.23 9.82 ± 0.03 
N 1.3 ± 0.2 1.2 ± 0.1 1.1 ± 0.0 1.0 ± 0.0 1.2 ± 0.0 
S 0.02 ± 0.02 0.00 ± 0.00 0.04 ± 0.02 0.25 ± 0.06 0.37 ± 0.02 
H/C 1.57 ± 0.01 1.55 ± 0.02 1.55 ± 0.01 1.52 ± 0.01 1.55 ± 0.00 
O/C 0.61 ± 0.02 0.58 ± 0.02 0.57 ± 0.01 0.49 ± 0.01 0.53 ± 0.00 
N/C 0.07 ± 0.01 0.06 ± 0.01 0.06 ± 0.00 0.05 ± 0.00 0.07 ± 0.00 
AImod 0.01 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 
DBE 5.91 ± 0.09 6.01 ± 0.09 5.90 ± 0.08 6.32 ± 0.11 5.82 ± 0.04 
 
* A one-way MANOVA was conducted to test whether sample type (as an independent factor variable) affects the 
characteristics of peptide-like formulae (as dependent continuous variables). A significant multivariate main effect 
of sample type was found for the highlighted rows (variables: relative intensity, mass, S, O/C and AImod). The 
number of formulae for each sample type was excluded from the test as an invalid variable type. Test statistics 







5.5.5. Biogeochemical impacts of changing glacier melt inputs 
We have applied, for the first time, spectrofluorescence and ultrahigh resolution mass 
spectrometry techniques to study seasonal changes in DOM composition in a glaciated 
fjord. Our data suggest an overall transition from aromatic and humic-rich signatures to 
increasingly aliphatic and heteroatom-rich DOM along a declining salinity gradient, 
akin to patterns in temperate and tropical estuaries (Medeiros et al., 2015; Osterholz et 
al., 2016; Seidel et al., 2017). However, we note unique influences from glaciers which 
provide direct contributions of DOM, control conservative mixing patterns and regulate 
primary production of autochthonous DOM. From these results we infer the following 
biogeochemical impacts of enhanced glacier melting on the BMF, which may highlight 
potential sensitivities in other glaciated fjords. 
 
1. Reduced efficiency of the fjord as a carbon sink. The summertime reduction in 
autochthonous DOM is consistent with the suppression of primary productivity by 
glacier melt inputs. These may become increasingly influential in Patagonian fjords 
if meltwater fluxes comprise an increasing fraction of total freshwater discharge to 
the ocean. Such conditions are facilitated by enhanced melting of the icefields 
(Foresta et al., 2018) and a regional decline in rainfall, which has been linked to 
shifting wind patterns and climate change (Garreaud et al., 2013; Garreaud, 2018; 
Aguayo et al., 2019). The overall effects of increased light and nutrient limitation 
will lead to lower rates of carbon fixation and smaller standing stocks of carbon in 
the pelagic foodweb. Although we make no assessment of how efficiently new 
biomass is exported to sediments in the BMF, the total flux will likely decline along 
with standing stocks (Aracena et al., 2011). As a result, fjord sediments will become 
increasingly dominated by older terrestrial carbon rather than fresh biological 
sources and glaciated fjords in Patagonia (and elsewhere) may play a reduced role in 
carbon sequestration (Rebolledo et al., 2019). The severity of these effects and 
impact on regional carbon budgets will depend on the strength and duration of the 
melt season and the influence of lakes. Earlier onset and more intense melting would 
allow conditions less favourable to primary productivity to persist for longer and 
increasingly offset carbon fixation over the remainder of the year. Newly formed and 
expanding freshwater lakes in deglaciating valleys may act as sediment traps 
(Carrivick and Tweed, 2013; Wilson et al., 2018) and buffer the downstream impact 




(Smith et al., 2015; Cui et al., 2016), but those in glaciated regions may sensitive to 
increased runoff from land-terminating glaciers (Aracena et al., 2011). 
 
2. Carbon cycling will be increasingly influenced by allochthonous DOM. As 
stronger meltwater discharge suppresses primary productivity and reduces marine 
water influence by conservative mixing, in-washed allochthonous DOM may 
become an increasingly important resource for marine heterotrophs (González et al., 
2013). The overall reactivity of this material will relate to its bulk composition and 
any upstream degradation processes. The competitive advantage of glacial biota in 
the fjord at times of high melt input might favour the continued removal of any labile 
components in glacially-derived DOM (Gutiérrez et al., 2015; Paulsen et al., 2018). 
However, higher river flows or meltwaters draining through soils and wetlands may 
access more non-glacial sources of aromatic and humic DOM (Young, 2014), which 
may become a relatively important substrate for heterotrophs in the absence of more 
labile components (Mostovaya et al., 2017). Future studies should assess changes in 
the lability of DOM in both the fjord and surrounding rivers over an annual cycle to 
identify the impact of changing melt inputs on carbon cycling processes. 
      
3. Changes in organic nitrogen substrates available to fjord communities. The 
availability and composition of reactive organic nitrogen compounds, such as 
peptides, appears linked to changes in glacier melt inputs which affect primary 
production and the mixing balance of marine and riverine waters. Nitrogen cycling 
may therefore be sensitive to changes in peptide supply, if different peptides favour 
specific species, and to changes in planktonic community structure linked to water 
mass, if different species preferentially utilise different components of DOM (Liu et 
al., 2017). Future investigations should attempt to isolate the lability of different 
peptide sources and directly address their role in nitrogen cycling in the fjord. This 
could be critical for other glaciated fjords or high Arctic seas, where  nitrogen-
limitation is often observed (Rysgaard et al., 1999). 
 
4. An intensification of the above processes during GLOFs. The failure of ice-
dammed lakes along the margins of the NPI are occurring with increasing frequency 
and may create more temporary disturbances to ecosystem function and organic 




et al., 2019). The exact composition of GLOF waters and their variation is unclear, 
but it is reasonable to assume a similar character to average summer discharge except 
with higher POM loadings due to the rapid mobilisation of sediments during these 
events. Overall, a stronger, more turbid freshwater pulse is likely to reinforce 
summertime conditions in the fjord. These disturbances might also trigger a shift in 
zooplankton community structure, favouring those species able to utilise the 
increased abundance of terrestrial POM as a food source (Quiroga et al., 2016; 
Meerhoff et al., 2019). Moreover, the typical timing of GLOFs either side of the 
main melt season, when primary production might otherwise be less light limited, 
could interrupt the seasonal progression of the fjord ecosystem at potentially critical 
stages in species’ life cycles (González et al., 2013; Aniya, 2014, 2017).  
 
5. Expansion of the above conditions to fjords with marine-terminating glaciers 
on the western side of the SPI. Taking the Jorge Montt Fjord as an example, 
ultimate glacier retreat onto land (Rivera et al., 2012) will lead to a reduced primary 
productivity in that particular sub-fjord. Conditions here may therefore converge 
with those in Steffen Fjord or the Baker and Pascua River plumes, where turbid river 
discharge exerts an overriding control on biogeochemical processes. In particular, 
the enhanced peptide and protein-like signals in the surface lens of Jorge Montt Fjord 
will be sensitive to glacier retreat, regardless of whether they indicate a present-day 
state of enhanced local production (Meire et al., 2017; Hopwood et al., 2018),  
upwelling of subglacial meltwaters (Dubnick et al., 2010) or sub-marine melting 
(Moffat et al., 2018). 
 
5.6. Conclusions 
Rivers supply a major source of organic matter to the BMF and may dominate the 
supply of labile material during peak discharge. Unlike other glacially dominated 
landscapes, organic matter export is driven by dissolved phases which could have a 
more profound impact on biogeochemical processes via the microbial loop. The 
significance of terrestrial subsidies may be reinforced by the suppression of 
autochthonous DOM production under more turbid conditions. Seasonal changes in 
fjord DOM composition show the increase in protein-like signatures linked to enhanced 




characteristic of enhanced phytoplankton activity in winter. The overall transition along 
the salinity gradient is consistent with typical estuarine patterns, showing the removal 
of terrestrial aromatics and humic-rich material in surface waters and the increasing 
influence of unsaturated and heteroatom-rich marine DOM. We note that the impact of 
labile protein-like material in summer river fluxes may be limited to food webs at the 
fjord heads. Despite probable in-fjord production, protein-like signals are not linked 
with nitrogen-rich organic matter. Instead DON concentrations may be driven by 
marine compounds which offer limited lability to heterotrophs in the surface layer. A 
seasonal shift from terrestrially sourced peptide-like formulae in summer to more 
marine compounds in winter may have a strong influence over the dynamic uptake of 
this more reactive sub-pool of nitrogen-containing DOM. However, the exact lability 
of fjord DOM over the annual cycle has not been explicitly tested and should be a focus 
of future research to evaluate the impact of glacier melt on organic matter cycling. A 
stronger and more widespread control on fjord biogeochemistry by glacial and riverine 
DOM is expected as climate change leads to more intense and prolonged glacier melt 





6. Thesis conclusions 
 
The overarching aim of this thesis was to provide the first regional scale assessment of 
the potential impact of changing glacier melt inputs on organic matter in aquatic systems 
in Chilean Patagonia. This helps contribute towards a global assessment of how glacier 
retreat affects downstream biogeochemistry. The following sections summarise the 
main findings of each analytical chapter. 
 
6.1. Summary of main findings 
6.1.1. Deglaciation-induced landscape change affects the composition and export 
of organic matter in Chilean Patagonian rivers (Chapter 3) 
This study used quantitative and high-resolution composition data to assess how 
freshwater fluxes of organic matter are influenced by landscape factors in contiguous 
river catchments across Chilean Patagonia (42–48°S). The principles of space-for-time 
substitution were used to infer how landscape change arising from deglaciation might 
alter organic carbon cycling and freshwater biogeochemistry. 
 
Main findings: 
• Glaciers in Chilean Patagonia drive higher catchment yields of POC and export 
DOM that is relatively enriched in protein-like and aliphatic signatures when 
compared to non-glacial rivers, consistent with observations from glaciated 
regions in the northern hemisphere. However, the overall strength of these signals 
is relatively muted in Chilean Patagonia due to the modulating effects of organic 
matter sinks and sources in the downstream landscape. 
• From the available data and analytical approach taken, it is not possible to verify 
whether the glaciers of Chilean Patagonia are a source of anthropogenic carbon 
to downstream ecosystems, as has been suggested for glaciers in the northern 
hemisphere and downwind of industry. 
• Freshwater lakes are important sinks for organic carbon and may become 
increasingly influential as they expand in response to glacier retreat. Proglacial 




other landscape covers (e.g. vegetation, wetlands) to become the dominant drivers 
of DOM composition in downstream rivers. 
• In the long term, a shift in the hydrological regimes of catchments undergoing 
significant deglaciation would mean that organic matter export becomes less 
influenced by seasonal meltwater cycles. Correspondingly, freshwater biota may 
be increasingly subject to stochastic delivery of organic matter from non-glacial 
sources (e.g. vegetation, wetlands, soils), driven by weather events. 
This chapter presented the first regional scale assessment of riverine organic matter 
fluxes and their composition in Chilean Patagonia, and hypothesised the 
biogeochemical implications of ongoing deglaciation.   
 
6.1.2. Potential vegetation controls on the bioavailability of dissolved organic 
matter in deglaciating catchments of Chilean Patagonia (Chapter 4) 
This study used incubation experiments to test the bioavailability of DOC in catchments 
with relatively low levels of glacier cover (a sub-region of the study area used in Chapter 
3). The results from these incubations were combined with insights from regional scale 
trends in DOM composition to identify the character and potential sources of 
bioavailable material. This allowed assessment of factors which may exert an increasing 
control over aquatic organic matter cycling following extensive glacier retreat. 
 
Main findings: 
• BDOC is proportionately lower in Chilean Patagonian rivers (7–23%) than in 
glaciated regions of the northern hemisphere (31–69%), and even for catchments 
from those regions with comparable glacier cover (<40%). 
• Low BDOC in Chilean Patagonia may be due to intrinsic compositional factors 
(such as low nitrogen content, higher molecular mass and aromaticity), which 
could result from preferential removal of labile components due to significant 
processing of DOM in lakes prior to downstream export. 
• All sampled rivers display a consistent pattern of bioavailability which relates 
DOC consumption to a sub-pool of DOM associated with tryptophan-like 
fluorescence and nitrogen-rich polyphenolic formulae. These compounds suggest 




evergreen forest cover), which may exert an increasing control over DOM 
bioavailability in catchments with diminished glacier cover.  
This chapter presented the first estimates of DOM bioavailability derived from 
incubation studies in Chilean Patagonian rivers. The results contrasted with those from 
other glaciated regions insofar as no systematic relationship between DOM 
bioavailability and catchment glacier cover could be determined. This study highlighted 
the potential role for vegetation influences to override other controls on organic matter 
cycling in Chilean Patagonia. 
 
6.1.3. Organic matter composition in a Patagonian fjord linked to changing glacier 
melt inputs (Chapter 5) 
This study explored the impact of changing glacier melt inputs on organic matter 
cycling in a glacially influenced fjord through the analysis of seasonal changes in DOM 
composition. Spatiotemporal patterns in DOM composition helped to distinguish 
contributions of material from glacial, other terrestrial and marine sources. This 
complemented findings from the other chapters which inferred the impacts of glacial 
meltwaters on downstream biogeochemistry from terrestrial perspectives.  
 
Main findings: 
• Riverine inputs of DOM comprise a significant fraction (possibly up to 57%) of 
the total organic matter pool in the Baker-Martinez Fjord and may be an important 
resource for microbial ecosystems, especially where turbid glacial meltwaters 
suppress fresh organic matter production.  
• Peak river discharge, linked to summertime glacier melting, is associated with: 
i. increased inputs of terrestrial DOM (including contributions of protein-
rich DOM from glaciers) to the surface layer of the fjord  
ii. reduced vertical mixing of marine DOM from depth  
iii. the suppression of fresh autochthonous DOM production.  
• Conditions in the Jorge Montt Fjord reflect year-round influences from melting 
of the marine-terminating glacier. 
• The Baker-Martinez Fjord exhibits variations in DOM composition along a 
salinity gradient that are consistent with those observed in temperate estuaries. 




terrestrial sources, to more aliphatic and heteroatom rich DOM, from marine 
sources. 
• Seasonal variations in the composition of peptides in the fjord surface lens may 
be linked to changes in meltwater inputs and vertical mixing, and suggest a role 
for these compounds (which represent a small sub-pool of nitrogen containing 
DOM) in organic nitrogen cycling. 
This chapter presented the first molecular level data to describe seasonal variations in 
DOM composition for a glacially influenced fjord. The findings suggest that strong 
glacial meltwater inputs may hamper autochthonous DOM production and exert a 
strong control on conservative mixing with marine water sources. The results are 
consistent with the hypothesis that land- and marine-terminating glaciers exert different 
controls on fjord biogeochemistry. 
 
6.2. Wider implications of findings 
This thesis has provided the first regional scale assessment of the potential impact of 
changing glacier melt inputs on organic matter in aquatic systems in Chilean Patagonia. 
The wider implications of its findings are summarised below.  
 
6.2.1. Glacial organic matter 
In order to make meaningful claims about the contributions of glaciers to aquatic 
biogeochemistry it is necessary to understand those contributions within a regional 
context. This thesis has offered a landscape-level perspective on the sources and cycling 
of organic matter in an understudied glaciated region. The character of the proglacial 
environment modulates the downstream transfer of glacial organic matter and imposes 
a significant influence on riverine biogeochemistry.  
 
The landscape-level approach taken in this thesis has confirmed certain findings 
obtained in other studies via more direct glacial sampling. For example, data from 
Chilean Patagonia confirm the ubiquity of microbial influences on glacial DOM 
(Dubnick et al., 2010). However, although studies in the northern hemisphere have 
posited a link between anthropogenic carbon and glacial meltwater (Stubbins et al., 




is such a relationship in this region, it may be more difficult to detect in samples subject 
to more varied sources of richer organic matter, which could overwhelm glacial 
influences in Chilean Patagonia. Similarly, the bioavailability of organic matter should 
be understood within a regional context. Bioavailability is a relative concept and so the 
lability of glacial organic matter may only be properly evaluated in comparison to other 
potential sources within a study region.  
 
Having established the significance of regional landscape on organic matter in aquatic 
systems, it follows that changes to the landscape will impact upon those systems. Such 
impacts have been identified in other studies of non-glacial regions (Aufdenkampe et 
al., 2011; Asmala et al., 2016). The space-for-time methodology offered in this thesis 
illustrates a complex array of controls on riverine organic matter fluxes through the 
emergence of new sources and sinks linked to deglaciation. This thesis may therefore 
serve as a foundation for investigations into the effect of future landscape change on 
organic matter cycling in Chilean Patagonia. 
 
6.2.2. Freshwater lakes 
Lakes are growing in number and size as glaciers retreat in Chilean Patagonia (Wilson 
et al., 2018). The evidence presented in this thesis is consistent with the established 
position that freshwater lakes act as effective carbon sinks and that this function scales 
with lake size and residence time (Tranvik et al., 2009; Catalán et al., 2016; Evans et 
al., 2017).  However, the data here suggest that this role of lakes is more pronounced in 
glacial than non-glacial catchments. This informs how the biogeochemical function of 
lakes evolves in response to changing connectivity with glaciers (Carrivick and Tweed, 
2013; Sommaruga, 2014). Since this thesis has established a significant role for 
freshwater lakes in regulating organic matter export in glacial catchments, an 
understanding of carbon cycling in Chilean Patagonia should rest upon a comprehensive 
assessment of freshwater ecology and biogeochemistry across the different lakes of this 
region. 
 
6.2.3. Carbon cycling in glaciated fjords 
Data presented here are consistent with the view emerging from carbon production and 




production (Aracena et al., 2011; Rebolledo et al., 2019). The extent to which the 
findings from Chilean Patagonia are regionally specific or representative of other 
glaciated fjords is uncertain and necessitates further investigation. In other glaciated 
regions (e.g. Gulf of Alaska) glaciers are thought to supply highly reactive organic 
matter and stimulate carbon cycling by marine bacteria, although most studies infer 
these effects from terrestrial samples (Hood et al., 2009; Fellman et al., 2014). In 
contrast, fjord-based studies in Greenland suggest that autochthonous DOM could 
provide a more significant resource to marine bacteria (Paulsen et al., 2018). Data from 
Baker-Martinez Fjord highlight variations in DOM composition corresponding to 
influences from marine- and land-terminating glaciers. These variations suggest that 
organic carbon cycling in fjords may depend on the degree of connectivity with glaciers. 
This engages with mounting evidence that marine-terminating glaciers sustain more 
productive fjord ecosystems, subject to other factors, such as fjord geometry (Meire et 
al., 2017; Hopwood et al., 2018, 2019). 
 
6.2.4. Organic nitrogen cycling 
Incubation results identified a potential link between DOM bioavailability and nitrogen-
containing polyphenolic compounds (likely derived from vascular plants) in several 
northern (42–45°S) catchments. Whether these provide a reactive substrate to bacteria 
or control the accessibility of tryptophan-like substances through binding is uncertain. 
The rapid removal of tryptophan-like fluorescence from river waters entering the Baker-
Martinez Fjord suggests that similar controls on DOM bioavailability may also operate 
in this more southerly region (48°S). In this same fjord, seasonal variations in peptide 
composition may suggest that a relatively minor constituent of the total organic nitrogen 
pool plays a disproportionate role in biogeochemical processes. The available evidence 
highlights a potential role for organic matter in nitrogen cycling across the aquatic 
continuum in Chilean Patagonia, which may be representative of other nitrogen-limited 
systems (Brookshire et al., 2005, 2007). 
 
6.3. Opportunities for further study 
The limitations pertaining to the methodologies and analyses deployed in this thesis are 
outlined in the relevant chapters. The principal factor limiting the scope of research, 




Chilean Patagonia. This section will identify potential opportunities for further study 
which could address the issues raised by this principal limitation.  
 
• Direct sampling of glacial snow, ice and runoff. Direct sampling would enable 
better characterisation of glacial signatures, which could then be traced through the 
hydrological network. This would complement the landscape-level perspectives 
provided in Chapters 3 and 4 and overcome the limitations associated with samples 
collected far downstream of glaciers. For example, it would also help to confirm if 
Chilean Patagonian glaciers are a source of stored anthropogenic pollutants, which 
could have important implications for freshwater ecology and water quality in glacial 
rivers. 
 
• Higher resolution sampling. More frequent sampling from a single site would 
enable more reliable characterisation of conditions. This would help to overcome the 
limitations associated with samples collected from a single moment in time, which 
may be less representative due to random variabilities (e.g. rain events). For example, 
extended monitoring periods across multiple seasons would capture seasonal 
changes and provide data to estimate annual catchment fluxes more reliably. 
Moreover, year-round sampling within the Baker-Martinez Fjord would encompass 
the spring bloom period, which may be the most significant period of primary 
production in this system (Meerhoff et al., 2014), and how it is affected by the onset 
of glacier melting. Furthermore, collecting samples from a wider range of sites 
within a single river catchment could provide insight into changes in organic matter 
composition between sites. This would provide higher resolution spatial data to test 
the findings from the regional-scale assessment of landscape level controls provided 
in Chapters 3 and 4.  
 
• Extend scope of BDOC incubations. Taking larger volume samples offers greater 
analytical potential to directly monitor changes in composition (e.g. at the molecular 
level) over incubation experiments. This would test the findings of Chapter 4, which 
inferred compositional changes indirectly from regional data. Extending incubation 
studies to more locations across the region would provide better insight into carbon 




from catchments with higher glacier cover would enhance the findings from Chapter 
4, allowing more robust assessment of glacial influences in Chilean Patagonia. Also, 
incubation of fjord waters would complement the study of terrestrial systems in 
Chapter 4 and allow direct measurement of fjord DOM bioavailability which is 
inferred from compositional data in Chapter 5.  
 
• Better POM characterisation. Larger volume particulate samples would allow 
more comprehensive analysis (elemental, isotopic, biomarker extraction) to 
characterise its sources and processing in Chilean Patagonia. For example, this 
would improve understanding of how particulate material contributes to carbon 
cycling and burial processes in the lakes and fjords of Patagonia (Rebolledo et al., 
2019). Such investigations would balance the dominant focus on DOM in this thesis.  
 
• Direct sampling of proglacial and other freshwater lakes. Focused study of 
organic matter composition and processing in freshwater lakes, enabling a 
comparison between glacial and non-glacial lakes, would help to test the suggestion 
in Chapter 3 that they may have different biogeochemical influences. Moreover, it 
would enable a better understanding of DOM transformation processes in lakes, 
which was highlighted in Chapter 4 as a potential factor controlling bioavailability.  
 
• Application of FT-ICR MS to other glaciated fjords. Conducting FT-ICR MS 
analysis on samples from other glaciated fjords would test how far the findings of 
Chapter 5 are representative of similar landscapes within and beyond Chilean 
Patagonia. 
 
• Application of radiocarbon analyses to investigation of organic matter. 
Radiocarbon analysis of DOC has revealed potentially unique carbon cycling 
processes in glaciated regions of the northern hemisphere (Hood et al., 2009; Spencer 
et al., 2014b). Whilst this thesis has begun to assess the role of glaciers on organic 
carbon cycling in Chilean Patagonia, understanding could be greatly advanced 
through radiocarbon analyses. The results of such analyses could then be directly 
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